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Abstract 
 
The 35.3 million year old, 85 km diameter, Chesapeake Bay impact structure (CBIS) in 
Virginia, USA, is one of the best preserved complex marine impact structures on Earth 
and is associated with the North American tektite strewn field. Three drill cores 
(Eyreville A, B and C) were obtained from the Chesapeake Bay impact structure during 
2005-2006 by the CBIS Deep Drilling Project in conjunction with the International 
Continental Scientific Drilling Program (ICDP) and the United States Geological Survey 
(USGS). The drill cores intersected crystalline basement rocks, impactites, and impact-
related and post-impact sediments. This study focuses on the impactite sequence of the 
Eyreville B drill core. The primary focus has been to examine and understand the 
conditions and processes involved in the formation of the crater-fill impactite sequence, 
and the provenance of the impactites, through detailed lithostratigraphic, petrographic 
and geochemical analysis.  
 
The Eyreville B drill core intersected 154 m of impactites between the depths of 1397.16 
and 1551.19 m. The impactite sequence is divided into the upper (1397.16 to 1474.05 m) 
and the lower (1474.05 to 1551.19 m) impactite units. The upper impactites are matrix-
supported (23.5 rel% of total clast count) and characterised by suevite, clast-rich impact 
melt rock and cataclastic gneiss blocks, whereas the lower impactites are clast-supported 
(19.8 rel% of total clast count) and are dominated by polymict impact breccia and 
cataclastic gneiss boulders and blocks. The suevites comprise melt and lithic clasts from 
sedimentary (predominantly shale and sandstone) and igneous (such as granitoid and 
quartz pegmatoid) target rocks in an unsorted matrix composed of mineral (primarily 
quartz, feldspar and micas) and lithic clasts. The polymict impact breccias are primarily 
composed of metamorphic clasts such as phyllite, mica schist and felsic and mafic gneiss, 
and are largely, but not completely devoid of melt clasts. The majority of clasts in the 
impactite sequence closely resemble the granitoid, pegmatoid, calc-silicate, amphibolite 
and mica schist lithologies found in the underlying basement-derived succession and 
megablocks in the overlying sedimentary clast breccia. Overall, the crystalline (igneous 
and metamorphic) and sedimentary clasts contribute 62.3 and 20.8 vol%, respectively, of 
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the total lithic clast composition which is comparable to 58.2 (crystalline) and 26.0 
(sedimentary) vol% for the latest published results.  
 
The impactites are generally heterogeneous in terms of their chemical compositions. The 
impactite samples display enrichment in FeO+MgO in comparison to the target rock 
lithologies, with smaller abundances of K2O and Na2O, with little to no CaO. Throughout 
the impactite sequence, the suevites display the largest variety in chemical composition 
due to the heterogeneity of the clasts.  
 
The overall abundance of melt clasts varies from 22.1 vol% (of the total clast population) 
in the upper impactites to 2.5 vol% (of the total clast population) in the lower impactites. 
Melt clasts are generally flattened and elongated and display laminar flow structures 
(schlieren), with fractured terminations. Most melts are highly vesiculated and altered to 
phyllosilicate minerals. Overall, melt clasts show a general decrease in size with depth. 
Observations indicate that no coherent melt sheet was intersected; impact melt rock was 
only noted in the impactite sequence at depths between 1402.02 and 1407.49 m and 
1450.22 and 1451.22 m. Melt clasts are heterogeneous in terms of their chemical 
compositions and are generally SiO2-rich and represent the melting and mixing of 
different mineral (quartz, feldspar and phyllosilicates) types derived from the target 
lithologies. This finding is comparable to the observations noted in the recent published 
literature. 
 
On average, 23.6 rel% of all quartz grains in the upper impactite unit display one or more 
PDF (planar deformation features) sets, with this number decreasing to 13.33 rel% for the 
lower impactite unit. A general decrease in average shock pressure with depth has been 
noted, which is consistent with the decrease in other shock features and melt clast 
abundance from the upper to lower impactites. A maximum of 3 PDF sets in the quartz 
grains, in the upper impactites, were noted; however, mostly 1 or 2 PDF sets were 
observed. Diaplectic glass has been noted in the melt clasts and is present predominantly 
in the upper impactites. No PDFs in feldspar grains have been noted.  
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A small, low temperature impact-induced hydrothermal system (220 – 300 °C) affected 
the material within the crater, which is evident from veins and patches of quartz, calcite, 
secondary phyllosilicate minerals (smectite), zeolites, secondary pyrite and chalcopyrite, 
as well as other sulphides.  
 
The upper and lower impactites show differing petrographic, geochemical and shock 
characteristics, suggesting that they were formed by different mechanisms. The upper 
suevites (upper part of the impactite sequence) are composed of fallback debris from the 
collapsing ejecta plume or curtain, whereas the suevites (S3 and S2) represent a mixture 
of the ground-surge material and fallback debris from the collapsing ejecta plume. The 
impact melt rocks are interpreted as either detached remnants of the melt lining the 
transient crater or piles of melt derived from fallback debris. It is proposed that the lower 
suevites (S1) and polymict impact breccia represent ground-surge deposits at the base of 
and behind the advancing ejecta curtain, modified by slumping and mixing of unshocked 
material from the outer crater walls. The cataclastic gneiss blocks and boulders slumped 
in from the outer transient crater walls and were incorporated into the ground-surge 
deposits.  
 
This study of the impactite sequence from the Chesapeake Bay impact structure has 
provided new insights into the formation of the impactite sequence as well as that of the 
Chesapeake Bay impact structure. Research such as this allows for further understanding 
and discussions regarding marine cratering processes (impact processes and impact-
generated deposits) and emplacement mechanisms for impact craters. Essentially a study 
such as this provides material for further extensive research into the formation of marine 
impact craters and comprehensive modelling.  
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lithic clasts in the impactite sequence. C) Sample RG20, upper impactites, suevite (S3), 
sample depth = 1417.41 m; colourless, slightly fractures, sub-rounded to highly angular 
quartz (Qtz) and feldspar (Fsp) in a light brown matrix with patches of elongated, flow 
aligned black graphite (Grp); light brown to red, slightly corroded, elongated biotite 
(Bio) and black, highly rounded opaque (Op) minerals; chlorite (Chl) occurs around the 
biotite (ellipses); image width = 3 mm, plane polarised light (PPL)………………………59 
 
Figure 2.6: Microscopic matrix and clast size analysis. A) Maximum clast size (cm) in the 
matrix. Average of maximum clast size dimensions measured on the long axis of the B) 
mineral clasts and C) lithic clasts. D), E) Average clast size (cm) variations in the upper 
and lower impactites, respectively. Red line indicates the boundary between upper and 
lower impactites. No analyses of samples between 1430 and 1450 m were undertaken as 
the samples were highly brecciated and thin sections were poor…………………………..61 
 
Figure 2.7: Graphs showing the abundances (vol%) and variations of the dominant 
mineral and lithic clasts throughout the impactite sequence of the Eyreville B drill core 
(based on macroscopic analysis; Table 2.6). A), B) and C) dominant lithic clasts; D) 
dominant mineral clasts. For the full explanation of the stratigraphic column, see Figure 
2.1…………………………………………………………………………………………………...64 
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Figure 2.8: Hand specimen photographs (from J.W. Horton, pers. comm., 2008) of 
individual lithic clasts observed in the impactite sequence. A) Sample RG108, upper 
impactites (UI), sample depth (S.D) = 1453.16 m; calcite (Cc) present within fractures in 
a quartz pegmatoid clast; calcite also occurs as small pods (indicated by dashed circles). 
B) Sample RG94, lower impactites (LI), S.D = 1519.37 m; coarse-grained mica schist 
clast showing slight alteration (dashed circle), with evident horizontal foliation of mica 
(indicated by dashed arrows). C) Sample RG86, LI, S.D = 1519.37 m; fine-grained, light 
grey granitoid clast situated in a dark grey-black matrix. D) Sample RG12, UI, S.D = 
1397.51 m; fine-grained, light grey-brown, elongated siltstone (Sil) with fine-grained, 
black shale (Sh) clasts and an elongated, white-brown melt (M) clast. E) Sample RG98, 
UI, S.D = 1468.68 m; layered, black, fine-grained mafic gneiss (Mg) clasts surrounded 
by black shale (Sh) and white carbonate (C) clasts. F) Sample RG83, LI, S.D = 1532.75 
m; fine-grained, white to grey to black, angular quartz pegmatoid clast (indicated by 
dashed circle) with surrounding light grey, fine-grained felsic gneiss (Fg) clasts. Scale 
bar in cm…………………………………………………………………………………………...69 
 
Figure 2.9: Maximum clast size variations measured per subunit (through macroscopic 
analysis) on the long axis of the clasts throughout the impactite sequence (both upper and 
lower impactite units) of the Eyreville B drill core. A) All clasts. B) Igneous clasts. C) 
Sedimentary clasts. D) Metamorphic clasts…………………………………………………...72 
 
Figure 2.10: Core box photograph (from Powars et al., 2006) of the relatively sharp 
contact relationship between the suevite (S3) and cataclastic gneiss boulder (BC; dashed 
vertical line) subunits as well as between the cataclastic gneiss boulder (BC) and suevite 
(S2; solid vertical line) subunits. Box 242, upper impactites, box depth = 1431.20 to 
1434.10 m; matrix-supported suevite with white to light green-brown, elongated melt 
clast (M); elongated, white quartz (Qtz) and calcite (Cc) pods; The cataclastic gneiss 
block is slightly fragmented at contact with suevite (S2) subunit. Horizontal length of 
core box = 60.96 cm………………………………………………………………………………73 
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Figure 2.11: Hand specimen photographs from subunits in the upper impactite sequence 
of the Eyreville B drill core. A) Sample RG12, upper suevite (SU), sample depth = 
1397.15 m; dark grey to black matrix with small angular quartz (Qtz) inclusions and 
showing a contact (solid box) between light grey to white melt (M) and felsic gneiss (Fg) 
clast. B) Sample RG22 (wet sample), suevite (S3), sample depth = 1420.23 m; dominated 
by lithic clasts, quartz veins (Qtz) and melt clasts that are strongly aligned; dark grey to 
black, elongated mafic gneiss (Mg) and dark grey-black, angular shale (Sh) and phyllite 
(P) clasts; light green-yellow, elongated claystone (Cly) and light to dark brown, altered 
melt (M) clasts. C) Sample RG25, suevite (S3), sample depth = 1424.42 m; light to dark 
grey matrix, comprising predominantly lithic clasts with a few highly altered (to 
smectite), light yellow-brown melt (M; dashed ellipses) clasts; angular to elongated, 
black shale (Sh); light grey greywacke (Gw) clast; light grey to white, angular quartz 
(Qtz) and carbonate (C) clasts; and light grey, fine-grained felsic gneiss (Fg). D) Sample 
RG117, cataclastic gneiss (quartzo-feldspathic gneiss) boulder (BC), sample depth = 
1436.81 m. Scale bar = 50 mm. Continued on next page……………………………………76 
 
Figure 2.11 (continued): E) Sample RG111, suevite (S2), sample depth (S.D) = 1450.07 
m; light to dark grey clast-supported breccia containing a variety of mineral and lithic 
clasts with few melt clasts; light grey to black, angular shale (Sh) clasts; light grey to 
white, rounded sandstone (St) clasts; angular to rounded quartz (Qtz) clasts; angular, 
light grey silty claystone (Sc). F) Sample RG116 (wet sample), suevite (S2), S.D = 
1439.01 m; clast-supported breccia comprising a variety of mineral and lithic clasts: 
light brown-black, subangular to rounded, foliated phyllite (P) clasts; light grey-brown, 
subrounded felsic gneiss (Fg; white rims are a drying effect) clasts; angular to sub-
rounded quartz (Qtz) clasts. G) Sample RG110 (wet sample), clast-rich impact melt (M1), 
S.D = 1451.73 m; dark grey-black aphanitic melt matrix containing abundant lithic 
clasts with alteration (dashed circle): light to dark brown melt (M) clasts with flow 
textures; angular to sub-rounded, light grey sandstone (St) clast with light brown, post-
impact alteration around the edges; black, foliated phyllite (P) clast. H) Sample RG103 
(wet sample), suevite (S1), S.D = 1458.99 m; conglomerate clast with abundant quartz 
(Qtz) veins and clasts. Scale bar = 50 mm…………………………………………………….77 
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Figure 2.12: Core box photographs (from Powars et al., 2006) of the suevite (S3, S2) and 
clast-rich impact melt rock (M2, M1) subunits, which comprise a variety of mm- to cm-
sized mineral, lithic and melt clasts. A) Box 234, upper impactites, box depth = 1407.63 
to 1410.7 m; gradational contact between clast-rich impact melt rock (M2) and suevite 
(S3; solid vertical line) subunits at 1407.09 m. Dark grey-black matrix-supported suevite 
with dark grey-black melt (M) clasts; light grey, elongated to rounded felsic gneiss (Fg) 
clasts and black, angular shale (Sh) clasts. B) Box 248, upper impactites, box depth = 
1448.11 to 1451.11 m; gradational contact between the suevite (S2) and the clast-rich 
impact melt rock (M1; solid vertical line) subunits at 1450.22 m. Matrix-supported 
suevite with light brown to dark grey-black melt (M) clasts; light grey to black, angular 
shale (Sh); Horizontal length of core box = 60.96 cm. Continued on next page…………79 
 
Figure 2.12 (continued): C) Box 249, upper impactites, box depth = 1451.11 to 1454.11 
m; gradational contact between the clast-rich impact melt rock (M1) and the suevite (S1; 
solid vertical line) subunits at 1451.22 m. Light to dark grey matrix- to clast-supported 
suevite with light to dark grey-brownish-black melt (M) clasts with evident flow 
structures; dark grey, angular granitoid (G) and mafic gneiss (Mg) clasts; dark grey to 
black, angular to rounded phyllite (P) and shale (Sh) clasts; light grey, elongated felsic 
gneiss (Fg) clast with small veins of quartz. D) Box 256, upper impactites, box depth = 
1471.12 to 1474.07 m; the sharp contact between the suevite (S1) and the cataclastic 
gneiss block (B5) subunits at the base of the box (1474.05 m) is not an obvious feature 
(solid vertical line). Dark grey, clast-supported suevite with dark grey to black, angular 
shale (Sh) and phyllite (P) clasts; light grey felsic gneiss (Fg) clast with white quartz 
veins; dark grey to black, altered melt (M) clasts. Horizontal length of core box = 60.96 
cm……………………………………………………………………………………………………80 
 
Figure 2.13: Core box photographs (from Powars et al., 2006) of the lower impactite 
sequence, showing the cataclastic gneiss and polymict impact breccia subunits as well as 
the contacts between the gneiss blocks and polymict impact breccia. A) Box 258, 
cataclastic gneiss (B5) subunit, box depth = 1476.76 to 1479.87 m; fine-grained, 
greenish-grey, homogeneous cataclastic (monomict) gneiss with evident calcite veining 
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(solid ellipses). Layering is oriented oblique to the core (dashed lines).  B) Box 259, 
lower impactites, box depth = 1479.87 to 1482.96 m; sharp contact between the 
cataclastic gneiss block (B5) and the polymict impact breccia (P4; solid vertical line) 
subunits at 1480.23 m. White calcite veining is evident in the cataclastic gneiss and 
disintegration of the graphite-rich lithic breccia (dashed circle) in the core is observed. 
Dark grey to black, angular phyllite (P) clasts are also present. Horizontal length of core 
box = 60.96 cm. Continued on next page………………………………………………………83 
 
Figure 2.13 (continued): C) Box 261, lower impactites, box depth = 1485.78 to 1488.90 
m; sharp contact between the polymict impact breccia (P4) and the cataclastic gneiss 
block (B4; solid vertical line) subunits at 1486.11 m. Fine-grained, bluish-grey, 
homogeneous cataclastic (monomict) gneiss with evident brecciation (solid circle) and 
calcite veining. D) Box 267, lower impactites, box depth = 1503.27 to 1506.23 m; 
relatively sharp contact between the cataclastic gneiss block (B4) and the polymict 
impact breccia (P3; solid vertical line) subunits at 1503.94 m. Obvious cross-cutting 
quartz veining and oblique layering in the cataclastic gneiss section. Dark grey to black, 
angular phyllite (P) and shale (Sh); white to dark grey conglomerate grit (Cn) with 
cross-cutting quartz (Qtz) veins with calcite margins; light to dark grey, angular 
claystone (Cly); light grey, angular quartz pegmatoid (Qp) Horizontal length of core box 
= 60.96 cm. Continued on next page…………………………………………………………...84 
 
Figure 2.13 (continued): E) Box 270, lower impactites, box depth = 1511.6 to 1514.37 m; 
sharp contact between the polymict impact breccia (P3) and the cataclastic gneiss block 
(B3; solid vertical line) subunits at 1512.81 m. Fine-grained, bluish-grey, homogeneous 
cataclastic gneiss (Cg) with calcite and quartz veining. Large, light grey, angular quartz 
pegmatoid (Qp) clasts are present within the P3 subunit. F) Box 273, lower impactites, 
box depth = 1520.39 to 1523.39 m; sharp contact between the cataclastic gneiss block 
(B3) and the polymict impact breccia (P2; solid vertical line) subunits at 1521.56 m. 
Calcite veining and oblique layering occur in the highly brecciated cataclastic gneiss 
(B3) subunit. Dark grey to black, angular phyllite (P); dark to light grey, elongated 
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siltstone (Sil) to conglomerate (Cn); light grey, elongated felsic gneiss (Fg). Horizontal 
length of core box = 60.96 m……………………………………………………………………85 
 
Figure 2.14: Hand specimen photographs from the cataclastic gneiss subunits in the 
lower impactite unit. A) Sample RG96, cataclastic gneiss (B5), sample depth = 1476.79 
m; light to dark grey, fine-grained felsic gneiss with dark grey to black, laminated, 
angular shale (Sh) clasts; light yellow-brown, angular, altered melt (M) clast. B) Sample 
RG93, cataclastic gneiss (B4), sample depth = 1494.39 m; light to dark grey, obliquely 
layered (dashed lines), highly altered, monomict cataclastic gneiss (Cg), which contains 
a dark brown to black, elongated graphitic vein (solid circle). C) Sample RG86, 
cataclastic gneiss (B3), sample depth = 1519.37 m; light to dark grey, fine-grained 
cataclastic gneiss (Cg) with calcite and quartz veining. Scale bar = 50 mm……………..86 
 
Figure 2.15: Hand specimen photographs from the polymict impact breccia subunits in 
the lower impactite unit. A) Sample RG95, polymict impact breccia (P4), sample depth = 
1476.79 m (wet sample); comprising light grey, fine-grained felsic gneiss (Fg); small, 
dark grey to black, angular phyllite (P) clasts as well as elongated quartz veins (Qtz) in 
the felsic gneiss. B) Sample RG91, polymict impact breccia (P3), sample depth = 1504.42 
m; clast-supported polymict impact breccia containing a light brown-green, angular 
conglomerate grit (Cn) clast with a cross-cutting quartz vein (Qtz); dark grey black, 
angular laminated phyllite (P) in a dark grey matrix; light yellow-brown, altered melt 
(M) clasts. C) Sample RG85, polymict impact breccia (P2), sample depth = 1528.91 m; 
light grey, angular to elongated conglomerate grit (Cn) clasts in a light to dark grey 
matrix; light grey, angular felsic gneiss (Fg) and a highly angular, black phyllite (P) 
clast; light brown, elongated and layered silty claystone (Sc). Scale bar = 50 mm……..87 
 
Figure 2.16: Altered melt clasts (now phyllosilicate, such as smectite) throughout the 
upper impactites from the impactite sequence of the Eyreville B drill core.  A) Sample 
RG11, upper suevite (SU), sample depth = 1396.03 m; light yellow to brown, elongated 
melt clast. B) Sample RG19, suevite (S1), sample depth = 1414.15 m; light white-brown, 
brecciated (cataclased) melt (M) clast with evident flow bands. C) and D) Sample RG20, 
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suevite (S1), sample depth = 1417.41 m; dark brown-green melt (M) clasts, displaying 
white rims (dashed circle) of chalcedony, and smaller, light white-yellow melt clasts 
(solid circles). Scale bar in cm………………………………………………………………….88 
 
Figure 2.17: Backscattered electron imagery of pre-impact alteration in matrix phases. 
A) Sample RG111, suevite (S2), upper impactites, sample depth = 1450.07 m; white to 
light grey to dark grey-black phyllosilicate and altered feldspar minerals. Scale bar = 
100 µm. B) Sample RG22, suevite (S1), upper impactites, sample depth = 1420.23 m; 
light white-grey, angular to elongated altered biotite to chlorite (dashed circles). Scale 
bar = 90 µm……………………………………………...........................................................88 
 
Figure 2.18: A) Hand specimen (sample from Horton et al., 2009b) scale bar in cm, and 
B) core box (from Powars et al., 2006) photographs of a melt cavity filled with dark red 
zeolite. Box 233, clast-rich impact melt rock (M2), box depth = 1404.76 to 1407.63 m, 
sample depth = 1405.83 m. Horizontal length of core box = 20.23 cm……………………90 
 
Figure 2.19: Bartosova et al’s. (2009a) geologic column (modified from Horton et al., 
2009a) of the impact breccia section from the Eyreville B drill core………………………92 
 
Figure 3.1: Variations in concentrations (in wt%) of major element oxides with depth (in 
metres) in the Eyreville B drill core. Data for samples of upper suevite (SU), suevite (S1, 
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(2008), is shown on the right side. Dotted lines represent calculated regression 
curves……………………………………………………………………………………………...102 
 
Figure 3.2: Harker diagrams of the contents of the major element oxides TiO2, Al2O3, 
Fe2O3, MgO, CaO, Na2O and K2O (compared to the data of Schmitt et al., 2009 for the 
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Figure 3.3: Bulk rock Fe2O3 abundances for the upper impactites in the Eyreville B drill 
core plotted versus A) TiO2 and B) MgO. The coloured fields in (A) represent mineral 
compositions obtained from this study and Townsend et al. (2009) from the basement-
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Na2O abundances for the upper impactite subunits, the upper suevite, suevite and impact 
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Figure 3.4: Bivariate plot of A) depth, B) CaO, and C) K2O content versus Loss on 
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Figure 3.5: Chemical Index of Alteration (CIA) calculated from the XRF analyses for 
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Figure 3.6: Ternary discrimination diagrams for the upper impactite matrix from the 
Eyreville B drill core based on defocused beam EMPA. A) Al2O3 - (FeO + MgO) - SiO2. 
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Figure 3.7: Bivariate plot of A) SiO2 and B) Al2O3 contents versus FeO+MgO, based on 
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Figure 3.8: Ternary discrimination diagram (Al2O3 – (K2O+Na2O) – FeO+MgO+TiO2). 
The compositions of the investigated impactites from the Eyreville B drill core are 
compared with the average compositions of the main basement lithologies (after 
Bartosova et al., 2009b; Schmitt et al., 2009, and Townsend et al., 2009), minerals from 
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the impactite sequence, as well as the basement (after Townsend et al., 2009), and with 
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Chapter One: Introduction 
 
1.1 Introduction 
The Chesapeake Bay impact structure (CBIS) is a late Eocene, 35.3 Ma old (Poag, 1999; 
Poag et al., 2004; Horton and Izett, 2005a; Gohn et al., 2006a) complex structure located 
in Virginia along the eastern seaboard of the USA (Figure 1.1). This buried impact 
structure is one of the best preserved marine impact structures on Earth (Poag, 1999; 
Poag et al., 2004). The original location of the structure in a predominantly siliciclastic, 
passive continental shelf environment (Poag, 1997) allowed for marine deposition to 
resume immediately after the impact event, preserving the structure (Poag, 1999; Poag et 
al., 2004; Gohn et al., 2006a). The impact involved a multilayered target sequence that 
consisted of seawater (with a maximum depth of 340 m), underlain by unconsolidated, 
water-saturated, Cretaceous and early Palaeogene sediments (400 to 700 m thick) and 
crystalline basement rocks (Poag, 1999; Poag et al., 2004; Horton et al., 2005b).  
 
The CBIS has a distinctive “inverted sombrero” shape (Gohn et al., 2006a) and consists 
of a deep inner crater with a small central uplift, approximately 1 km deep and 30 to 38 
km wide (Poag et al., 1994, 1999; Collins and Wünnemann, 2005; Wittmann et al., 
2009a). This inner crater is surrounded by a ~24 km wide, flat-floored, annular trough 
with a maximum outer diameter of 85 km (Koeberl et al., 1996; Poag, 1997). This 
shallow outer basin is underlain by highly disrupted Cretaceous and early Palaeogene 
beds and is interpreted as having formed during the crater modification stage by slumping 
of the unconsolidated sediments and megablocks (Poag, 2002a; Horton et al., 2005b, 
2005c; Kenkmann et al., 2009). All features of the impact structure have been well 
preserved beneath a 150-400 m thick sequence of post-impact Tertiary and Quaternary 
sediments that overlies an up to 625 m thick infill of chaotic sedimentary material, known 
as the Exmore breccia, that also includes large blocks of granitic and metamorphic 
basement rocks (Powars and Bruce, 1992; Horton et al., 2005a, 2005c, 2009a, 2009b; 
Gohn et al., 2006a, 2009). Proof of the Chesapeake Bay impact structure’s origin was 
first established by Koeberl et al. (1996) through detection of impact melt clasts and 
shock metamorphosed minerals in the Exmore breccia.  
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Figure 1.1: Regional map of the Chesapeake Bay impact structure (from Gohn et al. [2006a, 2009]), 
showing the location of the ICDP-USGS Eyreville B drill core as well as other drill core sites, as well 
as the radial cross section (A – A’) of the impact crater. The central crater zone corresponds to the 
crater within the crystalline basement (from Horton et al. [2008, 2009a]). 
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Geochemical and geochronological work on the impact structure and the North American 
tektites suggested that the structure is the source of the North American tektite strewn 
field (Koeberl et al., 1996; Dypvik and Jansa, 2003; Deutsch and Koeberl, 2006).  
 
Three drill cores (Eyreville A, B and C) were obtained from the Chesapeake Bay impact 
structure by the CBIS Deep Drilling Project during 2005-2006, in conjunction with the 
International Continental Drilling Program (ICDP) and the United States Geological 
Survey (USGS). This study focuses primarily on the impactite sequence of the Eyreville 
B drill core.  
 
1.2 Impact Crater Formation 
In order to fully understand the formation of the Chesapeake Bay impact structure, it is 
necessary to first discuss the processes by which impact structures/craters are, in general, 
formed. An impact crater is a geological structure that forms when a large, coherent 
extraterrestrial body travels at high speed through the Earth’s atmosphere with little to no 
deceleration and strikes the planet at the approximate original cosmic velocity of >11 
km/s (French, 1998). These extraterrestrial bodies tend to have a minimum size of 
approximately 50 m for stony projectiles and 20 m for coherent iron bodies (Melosh, 
1989; French, 1998). Throughout Earth’s history, the planet has been bombarded by these 
extraterrestrial bodies; however, traces of these impacts are minimal, as Earth is 
geologically active, and through erosion, sediment deposition and tectonics, many of the 
impact craters have been destroyed or buried (Melosh, 1989; Montanari and Koeberl, 
2000). 
 
When an extraterrestrial body strikes the Earth’s surface, the kinetic energy of the body is 
transferred by intense high-pressure (up to 100s of GPa) shock waves which radiate 
outwards from the point of impact at speeds >10 km/s into the target rock or water, and 
the atmosphere (Dence, 1968; Gault et al., 1968; Stöffler et al., 1988; Melosh, 1989). In 
the target rock this results in extreme heating and compression that drive geological 
changes that are impossible to achieve via any ordinary geological processes. Among 
these, the impacted rock material may experience distinctive shattering, deformation and 
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melting (Grieve and Cintala, 1981; Melosh, 1989; French, 1998); however, not all 
deformation features can be clearly distinguished from those produced via normal 
tectonic processes. 
 
Initial stages of the formation of an impact crater are relatively similar in all impact 
craters; however, differences are likely to occur depending on the angle of penetration of 
the extraterrestrial body, the velocity, size and density of the body and the nature of the 
target (Grieve, 1987; French, 1998). The process of creating an impact crater, although 
continuous, can be divided into three stages, each with its own forces and specific 
deformation patterns and mechanisms (Grieve, 1987, 1991; Melosh, 1989; French, 1998). 
 
1.2.1 Contact and Compression Phase 
The first stage of impact crater formation begins the moment the extraterrestrial body 
makes contact with the surface of the Earth (Figure 1.2 (1 and 2)). The kinetic energy of 
the extraterrestrial body is then transferred to the impacted target rocks by shock waves 
(Kieffer and Simonds, 1980; Melosh, 1989; O’Keefe and Ahrens, 1993; French, 1998). 
Shock waves are transmitted outward from the surface and into the target rocks, and then 
reflected back into the extraterrestrial body (Melosh, 1989; O’Keefe and Ahrens, 1993). 
The shock waves that are transmitted through the target rocks form a series of concentric 
shock zones or shells (Figure 1.3) that lose energy quickly as they move away from the 
impact point (Grieve and Robertson, 1976; Dressler et al., 1998).  
 
The duration of this stage (contact and compression) is determined by the shock wave 
that is reflected back into the extraterrestrial body from the interface (Ahrens and 
O’Keefe, 1977; Melosh, 1989). When this shock wave reaches the back end of the 
extraterrestrial body, it is then reflected forward again as a rarefaction wave (release 
wave). The high pressures from the shock waves as well as the associated temperatures 
cause the melting and vaporization of the extraterrestrial body and possibly even some of 
the target rocks (Kieffer and Simonds, 1980; Melosh, 1989). The end of the contact and 
compression stage is when the rarefaction wave reaches the front end of the 
extraterrestrial body and enters the compressed target (French, 1998). By the end of the 
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first stage, the distribution of shock pressures has been established (Pilkington et al., 
1992; Montanari and Koeberl, 2000).  
 
 
Figure 1.2: The development of a simple impact crater, displayed through a series of cross-section 
diagrams showing the detailed formation of an impact crater through the individual stages. 1) and 2) 
Contact and compression stage; 3) and 4) Excavation stage; 5) Modification stage and, 6) Idealised 
final structure (modified after French, 1998; from Coney, 2009).   
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This first stage of formation usually lasts less than a few seconds and is influenced by the 
size, composition and original cosmic velocity of the extraterrestrial body (Melosh, 
1989). The stage is predominately characterised by structural and phase changes in the 
minerals of the target rocks (Montanari and Koeberl, 2000). 
 
1.2.2 Excavation Phase 
The excavation phase is the second stage in the development of an impact crater (Figure 
1.2 (3 and 4)). This stage occurs immediately after the short contact and compression 
phase and involves the formation of the transient crater or cavity, where complex 
interactions between the shock waves and the target lead to an opening and expansion of 
the crater (Melosh, 1989; Grieve, 1991; French, 1998). As the first stage ends, the 
extraterrestrial body is surrounded by the concentric shock waves, which expand rapidly 
through the impacted target rock.  
 
These shock waves move away from the point of impact in all directions throughout the 
impacted target rocks and eventually cause the near-surface region to fracture and shatter 
(Melosh, 1989; Montanari and Koeberl, 2000; Poag et al., 2004). Some of the initial 
shock energy is converted to kinetic energy, expelling rock fragments upwards and 
outwards as well as moving the rock downwards, which eventually produces an 
excavation flow around the centre of the developing crater (Melosh, 1989; French, 1998; 
Wünnemann and Ivanov, 2003). Owing to the centrifugal movements of the individual 
fragments a bowl-shaped depression known as the transient cavity (or crater) is formed, 
which is much larger than the size of the extraterrestrial body (Grieve et al., 1977; Grieve 
and Cintala, 1981; Melosh, 1989; Pilkington et al., 1992; French, 1998).  
 
The transient cavity can be divided into two zones: the upper ejection zone and the lower 
displacement zone (Melosh 1989; French, 1998). The upper ejection zone is an excavated 
region in which most of the target rocks are ejected beyond the rim of the crater at high 
velocities (Grieve et al., 1977; Dence et al., 1977; Kieffer and Simonds, 1980; Melosh, 
1989). Some of the solidified material falls back down as infill material into the crater 
(French, 1998). Tensional stresses caused by the rarefaction waves are lower at lower 
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levels, resulting in fracturing being less pronounced and the excavation flow velocities 
being lower. This region forms a displaced zone in which material is driven outward and 
downward (Figure 1.4; Melosh, 1989; French, 1998).   
 
 
 
Figure 1.3: Schematic cross-section of the contact and compression stage that shows the initial shock 
waves and excavation flow lines that develop around the impact point. As indicated in the diagram 
the original extraterrestrial body is likely to be completely destroyed and converted into melt and 
vapour. The shock waves that radiate outwards from the extraterrestrial body-target boundary 
decrease rapidly in peak pressure and form concentric zones, each with distinctive shock effects 
(from French, 1998). 
 
The transient cavity continues to expand and is accompanied by the uplift and excavation 
of the near-surface rocks to become the transient cavity rim. The shock waves are, 
however, continuously losing energy by deforming and ejecting the rock material through 
which they pass (Grieve, 1991; French, 1998). Eventually, the shock and rarefaction 
waves can no longer excavate or displace any of the impacted target rock (Grieve et al., 
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1977). The final shape and size of the impact crater is determined by the interaction of the 
excavation flow and the strength of the impacted target rocks (Melosh, 1989). This stage 
may only last approximately 5 to 10 s in smaller impacts to several minutes in larger 
terrestrial impacts (Dence, 1968; Grieve and Cintala, 1981; French, 1998).  
 
 
 
Figure 1.4: Theoretical cross section showing the formation of the transient cavity during the 
excavation stage. In the excavated zone (diagonal hatching), complex interactions between the shock 
wave, the ground surface and the rarefaction wave produce an outward excavation flow that 
eventually opens up the transient crater. The target material is fractured, excavated and then ejected 
beyond the transient cavity rim. Below this, the target material is also driven downwards and 
outwards (displaced zone; from French, 1998).  
 
1.2.3 Modification Phase 
During the last stage of crater formation, which may last up to a few minutes for larger 
terrestrial impact craters, the transient cavity is modified, largely depending on the 
structure and properties of the target rock, through processes such as gravity and rock 
mechanics (Pilkington et al., 1992; French, 1998). In smaller craters, changes mainly 
occur with the collapse of the upper transient cavity walls; consequently, the shape of the 
final crater remains essentially the same (a bowl). In larger craters, however, complex 
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processes are involved and major structural changes occur, such as uplift of the central 
part of the crater floor and the collapse of the walls around the transient cavity rim. These 
processes of floor rebound and rim collapse gradually merge into the normal processes of 
geological mass movement, isostatic uplift, erosion and sedimentation (Melosh, 1989). 
With respect to modification, and to the extent to which the transient cavity is changed, 
three types of craters, based mainly on their morphology, can be formed and named: (1) 
simple craters; (2) complex craters and (3) multi-ring basins (Pilkington et al., 1992; 
French, 1998). 
 
1.2.3.1 Simple Craters 
Terrestrial simple craters (Figure 1.5) are small, bowl-shaped depressions with diameters 
of 1 to 4 km in crystalline rocks and 1 to 2 km in sedimentary material and with an 
approximate depth-diameter ratio of 1:6 (Pilkington et al., 1992). These characteristics 
are dependent on the strength of the target material (Pilkington et al., 1992; French, 1998; 
Montanari and Koeberl, 2000).  
 
 
 
Figure 1.5: Schematic cross section through a simple impact crater, indicating the various locations 
of the impactites in and around the crater. The rocks beneath the crater floor show fracturing and 
brecciation; however, they are likely to show shock effects only in a very narrow zone in the 
underlying basement. D = final crater diameter, which is approximately 10 to 20% greater than the 
original diameter; dt = true depth of the final crater; da = apparent depth of the crater (from French, 
1998).  
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The modification process of a simple crater includes: (1) the alteration of the transient 
cavity by the collapse of the rim material, which then slumps into the crater, causing the 
crater to be filled to approximately half its original depth and (2) the redeposition of the 
ejected material in the crater. The collapse of the rim material might eventually increase 
the diameter of the crater (Melosh, 1989; Pilkington et al., 1992). The crater fill generally 
consists of a mix of shocked and unshocked rock clasts combined with impact melt rocks 
that may form a “breccia lens” (Pilkington et al., 1992). Examples of terrestrial simple 
craters are the Barringer (Meteor) crater, Arizona, USA (Kring, 2007), Tswaing, South 
Africa (Brandt and Reimold, 1995), Brent, Canada (Grieve, 1987) and Lonar, India 
(Fredriksson et al., 1973; Koeberl et al., 2005).  
 
1.2.3.2 Complex Craters 
Complex craters (Figure 1.6) are larger than simple craters, with diameters greater than 
approximately 4 km on Earth, and are characterised by centrally uplifted regions. These 
regions consist of either a central peak or one or more peak rings, flat floors and inward 
collapse of material around the central peak and the outer walls (Grieve, 1991; Pilkington 
et al., 1992). They generally display a depth-diameter ratio of 1:10 to 1:20 (Pilkington et 
al., 1992). Overall, complex craters show a ring-like appearance with rough circular 
edges, complex faulting and strong shock metamorphism in the central uplifted basement 
(French, 1998). The transition from a simple crater to a complex crater takes place 
generally within a few minutes and involves the inward, upward, downward and 
sideways movements of the sub-crater material (Pilkington et al., 1992; Montanari and 
Koeberl, 2000).  
 
The complex crater modification stage begins with the formation of the central peak, 
which is a deformed region of highly fractured rocks originally beneath the transient 
cavity that rebounds (Grieve et al., 1977; Grieve et al., 1981; Pilkington et al., 1992). 
During upliftment, the material from the outer rim simultaneously slumps inwards and 
downwards along concentric faults to eventually form concentric rings (Melosh, 1989; 
Taylor, 1992). Previous studies (such as Grieve et al., 1981; Melosh, 1989, Taylor, 1992; 
Montanari and Koeberl, 2000) have shown that the actual amount of uplift during the 
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formation of a complex crater is about one-tenth of the final diameter of the crater. These 
craters are generally filled with a mixture of impact breccia and clastic debris from the 
collapsed outer wall (Pilkington et al., 1992; Grieve and Pilkington, 1996; French, 1998). 
With increasing crater size, the central uplift changes and the single peak is slowly 
replaced by more complex structures of concentric rings and basins (French, 1998). 
 
 
 
Figure 1.6: Schematic radial cross section through a complex impact crater (from French, 1998), 
indicating the various locations of the impactites in and around the crater as well as the central uplift 
and the down-faulted outer rim. The rocks exposed in the central uplift are highly fractured and 
brecciated and may contain distinctive shock features.  
 
In craters with diameters in excess of approximately 20 km, the central peak may become 
unstable and collapse outward, forming structures known as peak rings, the surface 
expression of which is a ring of mountains that have risen around the original place of the 
central peak (French, 1998; Montanari and Koeberl, 2000). Three types of these complex 
structures have been identified (Grieve et al., 1981; Melosh, 1989; Pilkington et al., 1992; 
French, 1998): (1) central-peak structures (e.g., Bosumtwi crater, Ghana (Koeberl and 
Reimold, 2005); Steinheim, Germany (Grieve et al., 1981) and Sierra Madera, Texas 
(Grieve et al., 1981)); (2) peak-ring structures (e.g., Ries crater, Germany (Stöffler et al., 
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2001 and references therein) and Mistastin, Canada (Grieve et al., 2006 and references 
therein)), with diameters greater than 20 km and generally less than 60 km, and (3) multi-
ring structures (e.g., Siljan crater, Sweden (Henkel and Pesonen, 1992)), with diameters 
greater than 60 km. The Chesapeake Bay impact structure can be considered as a central-
peak crater (with a diameter ranging between 30 and 38 km) in unconsolidated rock 
(Poag et al., 2004).  
 
1.2.3.3 Multi-ring Basins 
Multi-ring basins are the largest impact structures that have ever been identified in the 
Solar System and generally have diameters that range from a few hundred kilometres to 
thousands of kilometres (Melosh, 1989; French, 1998; Poag et al., 2004). These massive 
impact structures commonly display multiple concentric, uplifted rings, in addition to the 
outer wall of the structure, as well as down-faulted valleys, known as ring grabens. These 
impact craters have been created by extraterrestrial bodies that were tens to hundreds of 
kilometres in diameter (Melosh, 1989; Pilkington et al., 1992; Spudis, 1993; Morgan et 
al., 1997).  
 
Multi-ring basins are generally best preserved on planets that have well-preserved ancient 
surfaces such as the Moon and Mars; however, terrestrial basins are generally difficult to 
identify owing to surface modification processes such as deep erosion, post-crater 
deformation and/or burial (Melosh, 1989; Spudis, 1993; Grieve and Therriault, 2000; 
Poag et al., 2004). It is not yet understood whether the increasing size of the crater is the 
basis of the transition from smaller complex impact craters to the multi-ring basins or if 
these large craters form only when special conditions are present within the target 
material (French, 1998). Terrestrial examples of these may be the 100 km diameter 
Manicouagan (Canada) and Popigai (Russia) craters (Poag et al., 1999; Whitehead et al., 
2002), the >180 km Chicxulub (Mexico) crater (Hildebrand et al., 1991; Sharpton et al., 
1992; Morgan et al., 1997) and the >200 km diameter Vredefort (South Africa) and 
Sudbury (Canada) impact craters (French, 1998; Grieve and Therriault, 2000; Grieve et 
al., 2008).  
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1.2.4 Impactites 
During an impact event, the transient high pressure and temperature conditions create a 
variety of different rock types, which are commonly known as impactites (Stöffler and 
Langenhorst, 1994; Stöffler and Grieve, 2007). This term can refer to shock-
metamorphosed rocks that have been created directly or indirectly from processes 
involved in the impact of the projectile (Koeberl et al., 1996); alternatively, Stöffler and 
Grieve (2007, page 2) use it as “a collective term for all rocks affected by one or more 
hypervelocity impact(s) resulting from collision(s) of planetary bodies.”  
 
The impactites in the crater can either be allochthonous (rock that has been moved from 
its original position), autochthonous (rock that has formed in its original position) or 
parautochthonous (an intermediate type to allochthonous and autochthonous) (Melosh, 
1989). Impact ejecta, however, are impactites that occur around or on the outer wall of 
the crater and that have been distributed through ballistic processes (Ahrens and O’Keefe,  
1978; Melosh, 1989) and can be divided into proximal and distal ejecta. The distribution 
of the impact ejecta is dependent on the original position of their source material relative 
to the point of impact, their physical response to the impact event and the crater size 
(Ahrens and O’Keefe, 1978; Melosh, 1989; Poag et al., 2004). 
 
Stöffler and Reimold (2006) as well as Stöffler and Grieve (2007) published impactite 
classification schemes according to the proximity (proximal vs. distal settings) of the 
impactites to the crater, the mode of genesis, melt proportion and shock characteristics of 
clasts. They are divided into: 
1. Subcrater – parautochonous rocks, pseudotachylitic breccia and cross-cutting allogenic 
rocks. 
2. Crater interior – allogenic crater-fill deposits (e.g., suevite, impact melt rock and 
polymict impact breccia). 
3. Crater rim region – proximal ejecta deposits (e.g., fallout breccia) and breccia 
injections into the crater rim strata. 
4. Distant from crater – distal ejecta (e.g., tektites).  
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1.2.4.1 Subcrater Rocks 
These rocks occur within the crater (parautochonous) below the zone of excavation. The 
subcrater rocks can be tens of metres in size and are generally fractured and cataclased. 
Shock pressures vary widely in this region and thus, a variety of shock metamorphic 
effects may be observed. Allogenic breccias may be emplaced and are either polymict 
(multiple clast types) or monomict (single clast type) breccias. These breccias can be 
melt-fragment breccias (containing heterogeneous melt, rocks and minerals in a clastic 
matrix (suevite)), impact melt rocks (mineral and rocks fragments in a matrix of 
crystalline or glassy melt) or lithic (melt-free) breccias (Dressler and Reimold, 2001).  
 
The origin of “pseudotachylite” in impact structures remains controversial. Origins 
proposed include frictional melting, shock melting, decompression melting or a 
combination of these. Stöffler and Grieve (2007) provided a definition of 
pseudotachylites, on behalf of the Subcommission on the Systematics of Metamorphic 
Rocks of the International Union of Geological Sciences, as “dyke-like breccia formed by 
frictional melting in the basement of impact craters, resulting in irregular vein-like 
networks.” In order to avoid confusion with tectonically-generated frictional melt 
(“pseudotachylite”), Reimold (1995, 1998) and Reimold and Gibson (2005, 2006) 
proposed that clast-bearing veins and dykes comprising rock and mineral clasts in a fine-
grained, aphanitic matrix should be termed “pseudotachylitic breccia”, until such time as 
their origin can be precisely determined. It is possible such breccias may originate from 
more than one process. This material has been observed in large impact structures such as 
Sudbury and Vredefort craters (Reimold, 1995, 1998; Reimold and Gibson, 2005, 2006).  
 
1.2.4.2 Crater Interior Rocks 
Allogenic crater-fill breccias are found within the crater and consist of material moved by 
ground surge or deposition of ejected material. These breccias include bodies of melt and 
variably sized clasts of unshocked and shocked target material that do not move beyond 
the crater rim as well as impact breccia deposited near the crater rim that fell back into 
the crater due to gravity collapse or mobilized as ground surge (Melosh, 1989; French, 
1998). Post-impact debris flows off the crater rim also contribute to the crater fill 
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(French, 1998). The allogenic breccias are subsequently buried beneath younger crater-
fill sediments (Koeberl et al., 2007a). Three types of breccia, according to Stöffler and 
Grieve (2007) and Stöffler and Reimold (2006), are recognised as crater-fill 
deposits/breccias: suevites (melt-fragment bearing breccias), impact melt rocks (melt-
matrix breccias) and polymict lithic impact breccias.  
 
Suevite, according to Stöffler and Grieve (2007, page 24) can be defined as “a polymict 
impact breccia with a particulate matrix containing lithic and mineral clasts in all stages 
of shock metamorphism, including cogenetic impact melt clasts which are in a glassy or 
crystallised state”. Suevite can also be regarded as a breccia that contains clasts of 
heterogeneous glass, rocks and minerals in a clastic matrix (Dressler and Reimold, 2001; 
Figure 1.3). The term “melt-rich suevite” refers to a breccia that comprises more than 20 
vol% melt (Roddy and Davis, 1977; Sharpton et al., 1996). These breccias occur as both 
fallback and fallout deposits.  
 
According to Grieve et al. (1977, page 791), Dressler and Reimold (2001, page 205) and 
Stöffler and Grieve (2007, page 19), impact melt is “a melt formed by shock melting of 
rocks in impact craters”, whereas impact melt rock is “a crystalline, semihyaline or 
hyaline rock solidified from impact melt and containing variable amounts of clastic 
debris of different degrees of shock metamorphism”, (Grieve, 1987, page 253; Dressler 
and Reimold, 2001, Figure 1.3; Stöffler and Grieve, 2007, page 19). In contrast, an 
impact breccia is “a monomict or polymict breccia that occurs around, inside and below 
impact craters” (Stöffler et al., 1979, page 641; Stöffler and Grieve, 2007, page 19). 
Impact breccias can also be regarded as breccias that do not contain individual melt 
clasts, but whose matrix was originally molten and with rock and mineral clasts that may 
be shocked, deformed or melted (Dressler and Reimold, 2001, Figure 1.3).  
 
Polymict lithic impact breccia, according to Stöffler et al. (1979, page 652) and Stöffler 
and Grieve (2007, page 22), can be defined as “a breccia with clastic matrix or crystalline 
matrix (derived from the crystallisation of impact melt), containing lithic and mineral 
clasts with different degrees of shock metamorphism, excavated by an impact from 
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different regions of the target rock section, transported, mixed and deposited inside or    
around an impact crater or injected into the target rocks as dykes.” 
 
1.2.4.3 Crater Rim Region Rocks and Proximal Ejecta 
The crater rim is composed of overturned target rocks, overlying ejecta debris and 
uplifted strata (Melosh, 1989). This uplift is caused by plastic deformation of rocks 
underneath the rim as well as the injection of subhorizontal breccia dykes. The crater rim 
is subjected to lower shock pressures (generally <2 GPa) in comparison to the within 
crater materials (Kieffer and Simonds, 1980) and, thus, the autochthonous target rocks are 
typically fractured and brecciated but rarely contain shock-deformation features. 
Proximal ejecta occur in < 5 crater radii from the rim of the crater (Melosh, 1989) and 
comprise approximately 90% of all material excavated from the crater during the impact 
event (Koeberl and Martínez-Ruiz, 2003). This material forms a near continuous blanket 
of ejecta (called the “ejecta blanket”) which generally covers the environs of the crater 
(Stöffler et al., 1975; Melosh, 1989). The blanket consists of the same distinct lithologies 
as the crater-fill rocks.  
 
Stöffler and Grieve (2007; page 20) stated that a cataclasite (monomict impact breccia) is 
“a fault rock that is cohesive with a poorly developed or absent schistosity, or that is 
incohesive, characterised by generally angular porphyroclasts and lithic fragments in a 
finer-grained matrix of similar composition. It is produced by impact and displays weak 
or no shock metamorphism.” Cataclasite is also a fault rock term (Horton et al., 2008; 
Gibson et al., 2009; Townsend et al., 2009).  
 
1.2.4.4 Distant Regions and Distal Ejecta 
Some material ejected from the crater during the impact event, may travel considerable 
distances (> 5 crater radii and called “distal ejecta”) from the crater and generally is 
deposited through ballistic deposition (Melosh, 1989; Koeberl and Martínez-Ruiz, 2003). 
The distal ejecta contain distinct evidence for meteorite impact – shocked rock and 
minerals clasts, as well as unusual glassy objects (e.g., tektites, microtektites and 
spherules; see Koeberl and Martínez-Ruiz, 2003). Tektites are chemically homogeneous 
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bodies that represent melts of surficial material from an impact target sequence and are 
formed during hypervelocity events (Koeberl and Martínez-Ruiz, 2003). Four tektite 
strewn fields have been identified on Earth: North American (Chesapeake Bay impact 
structure), Ivory Coast (Bosumtwi crater), Central European (Ries crater) and 
Australasian strewn fields (Glass, 1968; Glass et al., 1991; Koeberl et al., 1997).  
 
1.3 Shock Metamorphic Effects in Minerals and Rocks 
Shock metamorphic effects in minerals and rocks are the most important evidence in the 
identification of terrestrial impact structures owing to their distinctive nature and the 
ability of some to survive long periods of geological time (Stöffler and Langenhorst, 
1994; French, 1998); although post-impact thermal and hydrothermal effects are capable 
of modifying them. The number of confirmed impact craters (Earth Impact Database, last 
accessed 2011) has increased in recent years primarily owing to the recognition of shock 
metamorphic features in their rocks (Melosh, 1989; Pilkington et al., 1992; Stöffler and 
Langenhorst, 1994; Huffman and Reimold, 1996; Stöffler and Grieve, 2007). Shock 
deformation features are produced during an impact event from a variety of physical 
conditions: (1) peak pressures range from <2 GPa at the crater rim to >100 GPa at the 
point of impact; (2) temperatures vary between 500 and 3000 ºC, however, they may 
reach as high as 10 000 ºC near the impact point to as low as <100 ºC along the crater rim 
(Melosh, 1989; French, 1998; Figure 1.7). These specific conditions generally produce 
unique and diagnostic shock features in minerals and rocks (Table 1.1); however, not all 
the minerals and rocks within the target material will experience shock deformation 
effects as the shock wave does not stress the target homogeneously (Melosh, 1989). 
 
The pressure and temperature conditions for shock metamorphism far exceed the P-T 
range for normal geological processes (Grieve et al., 1996). In general, shock 
deformation features indicate transient stress conditions, high strain rates and rapid 
heating (and somewhat less rapid cooling), which are not observed in ordinary geological 
processes (Stöffler and Langenhorst, 1994; Grieve et al., 1996; French, 1998). Overall, 
different shock conditions produce different and distinctive shock deformation features 
such as planar fractures (PFs), planar deformation features (PDFs), diaplectic glass, high-
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pressure mineral polymorphs and mosaicism (Stöffler and Langenhorst, 1994; Grieve et 
al., 1996; French, 1998; Ferrière et al., 2010; French and Koeberl, 2010).  
 
 
 
Figure 1.7: Pressure-temperature (P-T) graph indicating conditions for shock metamorphism and 
normal crustal metamorphism processes. Shock metamorphic conditions range from 2 to >100 GPa 
and are clearly distinct from normal metamorphic conditions. Specific shock effects are indicated by 
fields defined by vertically dashed lines (from French, 1998).  
 
1.3.1 High-Pressure Mineral Polymorphs 
Minerals within the target rock change to high-pressure mineral polymorphs when 
subjected to shock waves with pressures generally greater than 12 GPa (French, 1998; 
Montanari and Koeberl, 2000). Quartz can be converted to stishovite at shock pressures 
of >12 – 15 GPa and coesite at shock pressures of < 10 GPa (Stöffler and Langenhorst, 
1994). Other high-pressure polymorph minerals include diamond (from graphite), 
ringwoodite (from olivine) and reidite (from zircon) which appear at about 30 GPa 
 19 
(Stöffler, 1984; Stöffler and Langenhorst, 1994; French, 1998; Montanari and Koeberl, 
2000).   
 
1.3.2 Planar Microstructures in Quartz 
Quartz is a mineral that is abundant in sedimentary and crystalline rocks, that does not 
easily succumb to alteration or metamorphism and may display a variety of distinctive 
shock deformation features, which makes it an ideal shock mineral indicator in the 
identification and study of impact craters (Robertson and Grieve, 1977; Stöffler and 
Langenhorst, 1994; Grieve et al., 1996; French, 1998; Langenhorst 2002). Different 
shock conditions produce a range of planar microstructures in quartz, such as planar 
fractures (PFs) and planar deformation features (PDFs; (Stöffler and Langenhorst, 1994; 
Grieve et al., 1996; French, 1998). 
 
1.3.2.1 Planar Fractures  
Planar fractures are parallel sets of multiple planar cleavages or cracks formed at low 
shock pressures of <8 GPa and are generally 5 to 10 µm wide and 15 to 20 µm apart in 
quartz and other mineral grains (Robertson et al., 1968; Langenhorst, 2002). These 
fractures are not diagnostic shock metamorphic features; however, when combined with 
other features that are observed in impact structures and which form at higher pressures, 
they can be used as evidence of an impact origin (Stöffler and Langenhorst,  
1994; Grieve et al., 1996; French, 1998; Table 1.1).  
 
1.3.2.2 Planar Deformation Features (PDFs) 
Planar deformation features (PDFs) occur as single or multiple sets of closely spaced, 
narrow, straight (parallel) planes that are, on average, 2 to 10 µm apart. Detailed analysis 
of individual PDFs has shown that the quartz has been transformed into a distinct 
amorphous phase (Langenhorst, 1994, 2002; Grieve et al., 1996; French, 1998; Table 
1.1). PDFs are distinct from ordinary tectonic deformation effects such as planar cleavage 
or tectonic deformation lamellae (Carter, 1965, 1968; Stöffler and Langenhorst, 1994) as 
they are only produced under shock conditions and, therefore, can only be indicative of   
impact deformation. 
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Table 1.1: Shock pressures with the corresponding mineral and rock deformation features for non-
porous and porous rocks (adapted after French, 1998; Koeberl and Martinez, 2003). Data from 
Stöffler (1984); Stöffler and Langenhorst (1994); French (1998); Montanari and Koeberl (2000); 
Stöffler and Grieve (2007); French and Koeberl (2010). 
Approximate Estimated Effects     
Shock 
Pressure Post-shock    
(GPa) 
Temperature 
(ºC)       
2 – 6 <100 Rock Fracturing, breccia formation, shatter cones   
     
5 – 7 100 Mineral fracturing: (0001) and {1011} in quartz   
     
8 – 10 100 Basal Brazil twins (0001)   
  
 
  
10 100 Quartz with PDFs {1013}, also in olivine and zircon   
     
12 – 15 150 High pressure polymorph formation: Quartz → stishovite  
     
13 150 High pressure polymorph formation: Graphite → cubic diamond,  
  
olivine → ringwoodite 
  
  
 
  
20 170 
Quartz with PDFs {1012}, etc. Quartz and feldspar with reduced refractive 
indices,  
  lowered birefringence   
     
> 30 275 High pressure polymorph formation: Quartz → coesite   
     
35 300 Diaplectic quartz and feldspar glasses (isotropization through solid-state 
  transformation with crystal habit preservation)   
     
45 900 Normal (melted) feldspar glass (vesiculated)   
     
60 >1500 Rock glasses, crystallized melt rocks (quenched   
  from liquids)   
     
80 – 100 >2500 Rock glasses (condensed from vapour), complete rock vaporisation   
 
Experimental calibrations suggest PDFs form at pressures of between 10 and 30 GPa 
(Shock stage 1, Stöffler and Langenhorst, 1994; Stöffler and Grieve, 2007). Planar 
deformation features are oriented parallel to specific rational crystallographic planes in 
the host quartz grain such as the basal c(0001) or low-index rhombohedral planes such as 
ω{1013}, Π{1012} and r{1011}. The crystallographic orientations of PDFs have been 
linked to pressure ranges (Langenhorst, 1994; French, 1998); however, the variable 
orientation of the host quartz grains with respect to propagation and direction of the 
shock wave must be considered. Well-developed and unaltered PDFs are generally only 
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observed in unaltered, unmetamorphosed material from younger, well-preserved impact 
craters, such as the Barringer crater (Arizona), Ries crater (Germany) and the Chicxulub 
crater (Mexico), and form multiple sets of continuous planes that may extend across the 
quartz grain (Langenhorst, 1994; French, 1998).  
 
In geologically older craters, PDFs are distinct but may be discontinuous and the original 
amorphous material in the PDFs may have recrystallised back to quartz. In the process, 
fluid inclusions develop along the original planes, giving rise to so-called ‘decorated 
PDFs’ (Robertson et al., 1968; Stöffler and Langenhorst, 1994; Grieve et al., 1996; 
French, 1998), which still preserve the orientation of the original PDFs. Overall, the 
preservation of planar deformation features depends entirely on geological conditions 
such as the post-impact thermal history.  
 
1.3.3 Diaplectic Glasses 
Shock-produced diaplectic glasses (thetomorphic glass; Stöffler 1966, 1984; French and 
Short, 1968) are formed as a result of shock waves transmitting energy into a mineral 
and, instead of forming PDFs or melting to a liquid, the mineral is converted (entirely or 
partially) to an amorphous (glassy) state. For minerals such as quartz and feldspar, this 
change occurs at pressures of between 25 and 45 GPa (Stöffler and Langenhorst, 1994; 
French, 1998). Diaplectic glasses do not melt or flow; consequently, they preserve the 
original texture and fabric of the mineral grains and rock (Von Engelhardt et al., 1967; 
Stöffler, 1972, 1984; Stöffler and Langenhorst, 1994; Grieve et al., 1996; French, 1998). 
Diaplectic glass formation is considered as a result of a solid-state collapse of the 
crystalline mineral structure (Stöffler, 1984; Langenhorst, 1994; Table 1.1). Diaplectic 
glasses formed from minerals other than quartz and feldspar have rarely been observed 
(Feldman, 1994). Mafic minerals such as amphibole, biotite and pyroxene do not seem to 
form diaplectic glasses as their melting temperatures are much lower than those of quartz 
and feldspar and thus they melt directly (Stöffler, 1972, 1984; Stöffler and Langenhorst, 
1994; Grieve et al., 1996; French, 1998).  
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Diaplectic glasses of quartz and feldspar are metastable and, if exposed to even slightly 
elevated post-impact thermal conditions, they may be destroyed (French, 1998). 
Therefore, impact craters that have experienced thermal metamorphism will display 
diaplectic quartz and feldspar glasses that have recrystallised to microcrystalline 
aggregates that replace the original mineral (Stöffler and Langenhorst, 1994; Grieve et 
al., 1996; French, 1998). Gibson and Reimold (2008) proposed that microcrystalline 
aggregates in granofels in the central parts of the Vredefort Dome represent high-
temperature recrystallization of diaplectic quartz and feldspar glasses.  
 
1.3.4 Planar Microstructures in Feldspar and Other Minerals 
Other minerals, aside from quartz, such as feldspars (plagioclase and K-feldspar), micas 
(biotite and muscovite), amphiboles, pyroxenes and accessory minerals such as 
sillimanite, apatite, cordierite, garnet and zircon can also display shock metamorphic 
planar features, and planar deformation features. However, shock features in these 
minerals have not been well characterised and only a limited amount of data has been 
obtained. In terms of their mineralogy and alteration effects the minerals are very 
complex, especially the feldspars (Stöffler, 1972, 1974; Krogh et al., 1984, 1993; Grieve 
et al., 1996; Langenhorst, 2002). 
 
1.3.5 Selective Mineral and Rock Melting 
At shock pressures between 45 and 100 GPa and at post-shock temperatures greater than 
1000 ºC (Figure 1.7; Table 1.1), the melting points of the common rock-forming minerals 
are exceeded and localized melting occurs (French, 1998). This process is commonly 
known as selective mineral melting (Chao, 1967; Stöffler 1972, 1984). In a post-shock 
environment, each mineral is raised instantaneously to a post-shock temperature that 
depends entirely on the density and compressibility of the mineral and the shock wave 
pressure (Stöffler 1984). If this temperature that is produced in the mineral grain exceeds 
the normal melting temperature of that specific mineral, then melting of the mineral 
occurs. The resulting mineral melt will, therefore, have the same composition as the 
original mineral before any mixing or flow occurs (French, 1998). At higher shock 
pressures, where temperatures are higher and cooling times longer, selective mineral and 
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normal eutectic melting may occur and, thus, the rock will yield a mixture of 
heterogeneous melts, which may preserve the original shapes and compositions of the 
precursor grains to varying degrees (Peredery, 1972; French and Koeberl, 2010). At even 
higher shock pressures of approximately >55 GPa, post-shock temperatures increase 
rapidly and melting occurs throughout the target material, eventually producing an impact 
melt body (Peredery, 1972; French and Koeberl, 2010; Table 1.1).  
 
Ballen quartz and cristobalite occur in diaplectic quartz glass or as independent clasts in 
impactites, mainly in impact melt rock but also in suevites (Ferrière et al., 2010). 
Carstens (1975) proposed that ballen texture represented pseudomorphs after cristobalite 
that had replaced lechatelierite, initially formed by shock-induced thermal transformation 
of quartz, whereas Bischoff and Stöffler (1984) concluded that ballen texture represented 
recrystallised diaplectic quartz glass that had undergone the transition to cristobalite and 
then to α-quartz. Observations based on toasted ballen quartz conclude that toasting is 
due to vesicle formation after pressure release, at high post-shock temperatures and, thus, 
represents the beginning of quartz breakdown due to heating (Ferrière et al., 2010).  
 
1.4 Pre-Eyreville Drilling Studies of the Chesapeake Bay Impact Structure 
The Chesapeake Bay structure was first identified in the early 1940’s (Cederstrom, 1943, 
1945a, 1945b, 1946) by the United States Geological Survey (USGS) through 
sedimentary drill cores and structural evidence from geohydrological studies. Other initial 
evidence for an impact structure in the area was the discovery of impact ejecta, which 
were thought to be part of the North American tektite strewn field (Ewing et al., 1937; 
Woollard et al., 1957; Le Van and Pharr, 1963; Taylor et al., 1968; Sabet, 1973). Inferred 
locations for the site of the impact, which were based on the character and thickness of 
the impact ejecta at the Deep Sea Drilling Project site 612, were suggested by Thein 
(1987) and Koeberl (1989).  
 
Subsurface and stratigraphic studies during the early 1980’s were performed by a variety 
of scientists such as Hawarth et al. (1980), Costain (1979), Glover et al. (1978) and 
Thomas et al. (1989) who produced a regional structural and stratigraphic framework for 
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the sedimentary material that existed beyond the rim of the crater (Poag et al., 1992, 
2004).  
 
In 1983, the first conclusive impact evidence, in the form of 35 million-year-old 
microtektites and shocked minerals, came from the deep-sea drill cores collected by 
scientists aboard the Glomar Challenger (Poag et al., 1992; 2004; Koeberl et al., 1996). 
During 1986, scientists from the USGS drilled through the Exmore boulder bed 
(producing the Exmore drill core; Poag et al., 1992) and found evidence of shocked 
minerals within the crater fill (Exmore breccia), thus confirming the structure was of 
impact origin (Poag et al., 1992, 2004; Koeberl et al., 1996). Further studies of regional 
gravity and magnetic surveys, as well as deep well core data and onshore seismic 
reflection surveys, all showed crystalline basement material beneath the coastal plain  
(Poag et al., 2004).  
 
During 2000 to 2002, four major drill cores were drilled: 1) Bayside, 2) NASA Langley 
and 3) North, all drilled in the annular trough, and 4) Watkins School at the outer rim of 
the crater (Figure 1.1).  
 
The Bayside drill core penetrated the entire thickness of the post-impact, impact-
generated and impact-modified sediments and reached the underlying Precambrian 
crystalline basement rocks (Poag et al., 2004; Horton et al., 2008). The NASA Langley 
drill core penetrated 236 m of upper Eocene-Pleistocene material, 390 m of impact-
generated sediments and 9 m of underlying Precambrian monzogranite (Gohn et al., 
2001). No shock metamorphic features were observed in the autochthonous granites from 
the Bayside and NASA Langley drill cores. Rare shocked quartz grains containing PDFs 
as well as cataclastic crystalline clasts were found in some samples from the Exmore 
breccia, from the NASA Langley drill core (Horton and Izett, 2005a; Horton et al., 
2005b). In 2003, a deep drilling proposal to the ICDP for a continuous drill core through 
the interior of the impact structure was put forward. In 2004, the USGS drilled the 832 m  
Sustainable Technology Park (STP) test hole (with a core diameter of 64 mm) near Cape  
Charles. This test hole intersected 355 m of marine, upper Eocene-Pleistocene sediments,  
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300 m of sedimentary-clast breccia and 167 m of crystalline-clast breccia (mainly 
suevite) and cataclastic gneiss (Horton et al., 2005c; Gohn et al., 2007). Melt clasts in the 
suevite displayed flow textures and appeared glassy, which suggested that the melt clasts 
were compacted while they were still hot and plastic (Horton et al., 2005c). Multiple sets 
of decorated PDFs in quartz and feldspar minerals were observed in the suevite and in the 
cataclastic gneiss (Horton et al., 2005c). In 2005-2006, three major drill cores (Eyreville 
A, B and C) were then drilled as part of the international ICDP-USGS Chesapeake Bay 
impact structure drilling project on the Delmarva Peninsula, 7 km northeast of the town 
of Cape Charles, at the Eyreville Farm, in Northampton County, Virginia (Horton et al., 
2008). The drilling penetrated the deepest part of the central crater moat to a maximum 
depth of 1766.3 m. Previous drilling projects and related findings into the impact 
structure have been summarized in detail by Poag et al. (2004) and Horton et al. (2005e).  
 
1.5 The North American Tektite Strewn Field 
Initial evidence of an impact structure on the Atlantic margin of Virginia came from 
distal ejecta consisting of tektites, microtektites, shocked mineral grains and high-
pressure polymorphs thought to be part of the North American tektite strewn field (Glass, 
1989, 2002; Koeberl, 1989). This tektite strewn field was discovered through surface 
outcrops and deep sea drill cores and estimated to cover an area of approximately 9 
million km2 (Figure 1.8).  
 
The general site of the source structure was first determined by physical properties, such 
as the abundance and composition of the distal material (Poag, 1985; Thein, 1985; 
Koeberl, 1989). It was hypothesized that a crater of approximately 90 km in size with a 
location on the eastern seaboard of the USA could be linked to the North American 
tektite strewn field. The Chesapeake Bay impact structure was later discovered (Glass, 
1989, 2002; Koeberl, 1989) and owing to its size and location, as well as the similar 
chemical compositions of the tektites and the breccia material within the crater, it was 
thought that the CBIS was a strong contender for the source of the tektite strewn field 
(Poag and Aubry, 1995a; Koeberl et al., 1996). The impact crater was supported to be the 
source of the tektites by Deutsch and Koeberl (2006) with studies showing Sr-Nd data 
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correlations between the tektites and crater material as well as similarities between 
chemical composition of the breccias and tektites with respect to their rare earth elements 
(REE), refractory and lithophile element contents.  
 
 
Figure 1.8: Generalized map of the location and extent of the North American Tektite Strewn Field 
(Gohn et al., 2006a) relative to the Chesapeake Bay impact structure.  
 
In order to gain a clear understanding of the formation of the Chesapeake Bay impact 
structure, it is necessary to understand the regional geology of the Chesapeake Bay area.  
 
1.6 Regional Geology 
The crystalline tectonostratigraphic terranes of the Appalachian orogenic belt were 
amalgamated during a sequence of Paleozoic collisional events (Penobscottian (550 – 490 
Ma), Taconian (480 – 435 Ma), Acadian (380 – 340 Ma) and Alleghanian (330 – 270 
Ma)) between Laurentia and Gondwana and intervening arc terranes, between 
approximately 550 and 250 Ma (Horton et al., 1989, 1991; Hatcher et al., 2007; Gibson et 
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al., 2009). Horton et al. (1989, 1991) identified seven terrane groups, including those of 
undisputed Laurentian origin, a single terrane of Gondwanan origin, and a number of 
peri-Gondwanan terranes (Figure 1.9).   
 
 
 
Figure 1.9: A) Plate reconstruction of the Appalachian Orogenic belt displaying the location of the 
Chesapeake Bay structure. B) Location of the Chesapeake Bay impact structure relative to the 
central Appalachian tectonostratigraphic terranes. The inner crater (solid line) is surrounded by the 
outer rim (dashed line; after Lefort, 1988; Lefort and Max, 1991; Gibson et al., 2009). 
 
The formation of these crystalline terranes was disrupted during the Late Triassic and 
Early Jurassic by continental rifting, which preceded the opening of the Atlantic Ocean 
basin (Manspeizer, 1988; Poag et al., 2004), and which eventually formed four half-
graben rift basins, filled with coarse siliciclastic sequences. The peri-Gondwanan terranes 
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are thought to either have originally formed part of a larger plate (Avalon) that split apart 
before the material was accreted to Laurentia or to have represented a succession of 
Cambrian and younger arcs (Horton et al., 1989, 1991). The main terrane is the 
Chesapeake block, an expansive area composed primarily of metamorphic rocks of 
greenschist and amphibolite facies, which was intruded by numerous post-accretion 
granitoid plutons (Horton et al., 1991; Poag et al., 2004).  
 
The Proterozoic and Paleozoic crystalline basement rocks beneath the Atlantic coastal 
plain included a variety of volcanic, plutonic, sedimentary and metamorphic rocks which 
comprise distal parts of the Appalachian orogeny (Thomas et al., 1989; Poag et al., 2004). 
Horton et al. (2005b, 2005d) suggested that the basement beneath the Chesapeake Bay 
impact structure contains a peri-Gondwanan component. Basement-derived rocks from 
the Eyreville B drill core also indicated that at least some part of the crater was excavated 
in middle- to upper greenschist and amphibolite facies metasedimentary terranes (Secor 
et al., 1986; Gibson et al., 2009).  
 
The sedimentary material of Middle Jurassic to Upper Eocene age constitutes a seaward-
thickening wedge of predominantly poorly consolidated siliciclastic sands, silts and clays 
of both marine and non-marine origin (Poag, 1985, Grow et al., 1988; Poag et al., 2004), 
which laps onto greenschist facies rocks of the Eastern Slate belt, which in turn forms the 
Virginia segment of the Appalachian Piedmont Province (Powars et al., 1992; Poag and 
Ward, 1993; Powars and Bruce, 1999; Powars, 2000).  
 
Seven pre-impact formations (Figure 1.10), each approximately 1 to 1.5 km thick, of 
Lower Cretaceous to lower Upper Eocene age, were identified: 1) the Potomac Formation 
forms the oldest outcropping sedimentary strata and rests unconformably on 
metasedimentary and meta-igneous rocks of the crystalline basement; it is composed of 
mainly non-marine quartz sand and silt-dominated lithofacies (Mixon et al., 1989; Powars 
and Bruce, 1999; Powars, 2000); 2) Unnamed Upper Cretaceous Beds Formation is 
composed of Late Cretaceous megafossils and microfossils (Powars et al., 1992; Powars 
and Bruce 1999) in non-marine (red beds), deltaic (micaceous, lignitic, glauconitic, 
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quartz sand) and marine beds (shelly, glauconitic silt, clay, and quartz sand); 3) 
Brightseat Formation is the oldest Cenozoic deposit; consisting of mainly clayey, 
sparsely glauconitic, quartz sand (Bennett and Collins, 1952; Poag and Ward, 1993); 4) 
Aquia Formation consists of clayey, silty, shell-rich, glauconitic, quartz sand (Powars et 
al., 1992; Powars and Bruce, 1999); 5) Marlboro Clay Formation comprises thin, silver 
grey to red plastic clays, interbedded with yellowish-grey to reddish silts (Poag and 
Ward, 1993); 6) Nanjemoy Formation is the oldest Eocene strata; glauconitic sands with 
variable amounts of clay and silt characterise this formation (Powars et al., 1992); and 7) 
the Piney Point Formation, which is a Middle Eocene deposit consists of clayey, poorly 
sorted, glauconitic, fossil-rich sand (Otton, 1955; Ward, 1984).   
 
 
 
Figure 1.10: Stratigraphy of the Lower Cretaceous to lower Upper Eocene, pre-impact sedimentary 
formations in south-eastern Virginia (from Bartosova et al., 2009a).  
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The evolution of the Atlantic coastal plain has been observed as a series of Cenozoic 
deposition and erosion events with alternations of marine transgressions and regressions 
on a slowly subsiding passive continental margin (Poag and Ward, 1993). During each 
depositional hiatus, the erosion event would remove all the fluvial and alluvial sediments 
that accumulated during the low sea-level deposition events (Ward and Krafft, 1984), and 
thus the coastal plain was bounded by an erosional unconformity (Ward and Strickland, 
1985; Poag and Commeau, 1995b). During the late Eocene, sea-levels underwent a series 
of eustatic fluctuations (Poag and Ward, 1993).  
 
When the Chesapeake Bay projectile struck the Atlantic coastal plain, a marine 
transgression was in progress and relatively deep water (< 300 m) covered the impact site 
(Poag et al., 2004). The impact event caused massive destruction and transformed the 
regional geological framework as well as the depositional regime of the Atlantic coastal 
plain (Horton et al., 2005c). The impact forced the crystalline basement rocks, the 
impactites, the sedimentary material and the pre-impact sediments to be displaced in all 
directions (Poag, 2002b; Poag et al., 2004; Horton et al., 2005b; Kenkmann et al., 2009). 
The initial change in the coastal plain was the formation of the 38 km wide, deeply 
deformed central crater (Horton et al., 2005b). Detailed studies of this central crater 
indicate that it has a relatively steep outer margin and contains an elliptical moat that 
encircles a narrow central uplift (Figure 1.1). Seismic profiles produced across the 
annular trough indicate the presence of extensional collapse structures (0.5 to 3.9 km) 
which are concentrated in structural rings (Poag, 2002b; Poag et al., 2004). The outer 
wall of the crater also contains numerous concentric fault structures (Poag, 2002b; Poag 
et al., 2004).  
 
Massive crater-wall failure occurred within the upper layer of the unconsolidated 
sediments and within the cataclastic gneiss blocks and the crystalline basement rocks. 
This material eventually slumped inwards, burying the interior of the crater with the 
sedimentary beds and widening the crater diameter to the approximate size of 85 km 
(Poag, 2002a, 2002b; Poag et al., 2002). Water-column collapse and the tsunami 
backwash which filled the crater with a porous breccia lens occurred at the approximate 
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time as the crater-wall failure (Poag, 2002a, 2002b; Poag et al., 2002, 2004; Horton et al., 
2005b). The uppermost part of the breccia section, known as the Exmore breccia (Figure 
1.1), is considered to include minor fallback material from the resurge currents and 
impact generated tsunamis (Poag et al., 2004; Izett and Horton, 2005a; Gohn et al., 2009; 
Horton et al., 2009a, 2009b; Reimold et al., 2009).  
 
Following the emplacement of the impact-related deposits, normal marine sedimentation 
resumed at the site of the impact and as the marine transgression continued, the post-
impact sediments began to accumulate (Poag et al., 2004; Gohn et al., 2006a, 2009; 
Reimold et al., 2009). A topographical and structural low formed owing to the differential 
subsidence of the compacting breccia. Post-impact marine facies of the Upper Eocene, 
Lower Oligocene and Miocene were preserved in this depression. The ongoing 
compaction of this breccia eventually formed extensive fault systems in the post-impact 
sediments and the impact deposits (Horton et al., 2005b; Gohn et al., 2006a). The final 
stages of post-impact modification included glacial changes to the area.  Approximately 
18 000 years ago, large sections of North America were covered by a major ice sheet, sea 
level was 200 m lower than at present, and the Chesapeake Bay area  was dry land with 
rivers and steep-sided, eroded valleys. Around 10 000 years ago, the ice sheets began to 
melt and the sea level rose, which eventually flooded the continental shelf and the coastal 
regions. The flooded valleys therefore became major estuaries, thus forming the 
Chesapeake Bay (Gohn et al., 2006a). 
 
1.7 The International Continental Drilling Program in the Chesapeake Bay Impact 
Structure 
Deep core drillings into the Chesapeake Bay impact structure were undertaken in 2000 
and again in 2005, by the Chesapeake Bay Impact Structure Deep Drilling Project in 
conjunction with the ICDP and USGS (Gohn et al., 2006a, 2006b).  
 
1.7.1 The Eyreville Drill Cores from the Chesapeake Bay Impact Structure 
During 2005-2006, three major drill cores (Eyreville A, B and C) were drilled as part of 
the Chesapeake Bay Impact Structure Deep Drilling Project (see Section 1.4; Horton et 
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al., 2008). As stated previously, the drilling reached a maximum depth of 1766.3 m. The 
Eyreville drilling was located in the Cherition-Eastville area of Northampton County, 
Virginia on the Eyreville farm (37° 19.3' N, 75° 58.54' W) in the Delmarva Peninsula 
(Poag et al., 1994, 1997; Figure 1.11).  
 
Overall, the drill cores intersected the crystalline basement, the impactites, the impact-
modified pre-impact sediment (Exmore breccia), as well as the Upper Eocene to 
Quaternary post-impact sediments (Gohn et al., 2006a, 2009; Horton et al., 2008, 2009a, 
2009b; Edwards et al., 2009; Figure 1.11). In general, the crater fill for the Eyreville drill 
cores comprises sedimentary-clast breccia (Exmore breccia), granite and amphibolite 
megablocks, gravelly sand and impactites (containing suevitic crystalline-clast breccia 
and megablocks; Gohn et al., 2006a, 2006b, 2006c, 2009). Studies based on the 
lithological and depositional history of the Chesapeake Bay impact structure shows that 
the sediment-rich Exmore breccia was deposited over the entire impact structure as well 
as nearby regions (Gohn et al., 2006a, 2006b, 2006c, 2009; Horton et al., 2006a, 2009a, 
2009b).   
 
The Exmore breccia ranges in thickness from 8 to 400 m and is composed of a mixture of 
clasts situated in a muddy, reworked quartz-glauconite sandy matrix. It overlies the 
impactites and basement-derived target rocks in the Eyreville cores. The Exmore breccia 
was influenced by turbulence, current oscillation, and tsunamis (Gohn et al., 2006a, 
2009). The Exmore breccia (Figure 1.1) is underlain by collapsed blocks of 
parautochthonous lower and upper Cretaceous sediments that are disrupted by faults, 
fluidized sands, fractured clay and zones of injected sediments including exotic, 
disaggregated upper Cretaceous and early Palaeogene target sediment clasts (Figure 1.1; 
Horton et al., 2006a). 
 
This entire sedimentary layer, which overlies the impactites, is approximately 1393 m 
thick (Edwards et al., 2009). This section of the core also contains a 275 m-thick massive 
granitic megablock in the lower part of the sediments that is separated from the 
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underlying suevites by a 22 m thick sandstone unit containing small lithic clasts and an 
amphibolite block (Figure 1.11; Edwards et al., 2009). 
 
 
 
Figure 1.11: Composite geological column with cored intervals from the Eyreville drill cores (A, B 
and C) obtained from the Eyreville drill site. The column shows six lithological units (from Gohn et 
al., 2006a, 2006b). 
 
The Eyreville A drill core was drilled between depths of 125 and 941 m (with core 
diameters of 85 and 63.5 mm in the intervals 125.6 – 591.0 m and 591.0 – 940.9 m, 
respectively; Figure 1.11). This core is predominately composed of post-impact marine 
sediments that consist of fine-grained, siliciclastic continental-shelf sediments, with some 
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sediment-clast breccia and sediment megablocks (Gohn et al., 2006a, 2006b; Figure 
1.11). 
 
Drill core Eyreville B (which is the main drill core for this study) is a deviation from the 
Eyreville A drill core and was drilled from 738 m to a final depth of 1766.3 m (with core 
diameters of 63.5 and 47.6 mm in the intervals 737.6 – 1100.9 m and 1100.9 – 1766.3 m, 
respectively; Figure 1.11). This deviation was a result of complications with the Eyreville 
A drilling (Gohn et al., 2006a). Overall, the Eyreville B drill core intersects an impact-
related sequence that is approximately 1028 m thick and has been divided into five major 
lithological units (Bartosova et al., 2009a; Horton et al., 2009a). The impactite section 
constitutes approximately 154 m of the Eyreville B drill core, from a depth of 1397.16 to 
1551.19 m. This section is composed of units of (in order of abundance): (1) suevite; (2) 
polymict impact breccia; (3) cataclastic gneiss boulders and blocks and (4) clast-rich 
impact melt rock (Horton et al., 2009a; Wittmann et al., 2009a). The granite and 
amphibolite megablocks occur in the gravelly sand units that overlie the impactite 
sequence in the Eyreville B drill core. The granite megablock is composed of two major 
rock types: gneissic biotite granite and biotite granite. The amphibolite megablock is 
relatively homogeneous but contains a variety of textures and grain sizes, and is locally 
foliated (Townsend et al., 2009).  
 
The suevite of the upper impactites in the impactite section is cohesive and lithified in 
nature, and contains clasts of impact melt rock as well as fragments of cataclastically 
deformed metamorphic and igneous target rocks in an unsorted matrix that is composed 
of mineral, lithic and melt clasts (Gohn et al., 2006a; Bartosova et al., 2009a; Horton et 
al., 2009a; Wittmann et al., 2009a; this study). The breccias from the lower impactite unit 
are polymict and resemble the suevites from the upper impactites, except for the almost 
complete absence of macroscopically-visible melt clasts (Gohn et al., 2006a). Thus, this 
section of polymict impact breccia has been classified on being dominated by lithic 
impact breccia (Reimold et al., 2009, 2010). The impactites are composed of a variety of 
mineral (predominantly quartz, feldspar and micas) and lithic clasts (primarily granitoid, 
quartz pegmatoid, shale, sandstone, phyllite, mica schist and felsic and mafic gneiss).  
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The lowest unit from the Eyreville B drill core ranges in depth from 1550.0 to 1766.3 m 
(Figure 1.11) and comprises 216 m of fractured mica schist, granitoid and pegmatoid with 
minor amounts of felsic and mafic gneiss, as well as veins of impact-generated breccia 
(Gibson et al., 2009; Horton et al., 2009a; Townsend et al., 2009). The mica schists are 
well foliated and primarily contain fine- to coarse-grained white mica, biotite, graphite, 
quartz and plagioclase and dominate the upper part of the unit (Gibson et al., 2009; 
Townsend et al., 2009). The granitoids and pegmatoids become increasingly abundant 
with depth and consist predominantly of very coarse-grained feldspars, quartz and 
muscovite (Gibson et al., 2009; Townsend et al., 2009). Gneissic quartz-feldspar, calc-
silicate and amphibolite interlayers occur locally. The mineralogy of the amphibolite and 
calc-silicate of the lower basement-derived section suggests a sedimentary protolith for 
the former (Gohn et al., 2006a; Gibson et al., 2009; Townsend et al., 2009). Overall, the 
granite and amphibolite megablocks as well as the basement-derived sediments show 
conditions of middle to upper amphibolite facies, which suggests that the megablocks and 
metasedimentary basement represent parts of a single terrane (Gibson et al., 2009; 
Townsend et al., 2009).   
 
The Eyreville C drill core was cored from the surface to a depth of 140 m (with a core 
diameter of 63.5 mm; Figure 1.11). It contains only post-impact sediments (Gohn et al., 
2006a, 2006b, and 2006c, 2009; Reimold, 2009). The drill cores from the Eyreville drill 
site as well as the perimeter cores suggest that the sediments in the central and the outer 
parts of the impact structure are different in nature, as the post-impact sediments of the 
central crater were in far deeper water and thus compacted more than the outer sediments 
(Gohn et al., 2004). The impact-modified autochthonous to parautochthonous sediments 
have only been identified in the annular trough, whereas the fluidized collapsed 
sediments have been found throughout. The suevite has only been identified in the central 
crater (Gohn et al., 2004, 2006a). The study of the Eyreville drill cores, most importantly 
the Eyreville B drill core, provides a unique opportunity to compare the Chesapeake Bay 
impact structure with detailed observations that have been reported from other impact 
structures that have also formed in shallow marine environments, such as the Lockne, 
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Montagnais and Mjølnir impact craters (e.g., Dypvik and Jansa, 2003; Lindstrom et al., 
2005; Ormö et al., 2007; Dypvik and Kalleson, 2010).  
 
1.8 Geophysical Studies 
Geophysical data have been collected across the CBIS in order to investigate the 
characteristics of the impact structure, to document its internal structure and morphology, 
and to understand the consequences of the impact on the Virginia coastal plain (Poag et 
al., 2004). Numerous studies and a variety of data that were collected by various 
companies and research groups over a 25-year period (1975-2000) accumulated 2018 km 
of geophysical logs and onshore and offshore high-resolution seismic-reflection profiles 
(Poag, 1996, 1997; Poag et al., 2004; Figure 1.12). This collection of data has allowed the 
construction of seismostratigraphic and seismostructural frameworks of the impact 
structure (Poag, 2002a).  
 
The initial key data were collected in 1986 by the Teledyne Exploration Company and 
showed the overall main structural, morphological and depositional features of the 
central-peak impact crater (Poag, 1996). Detailed seismic-reflection profiles displayed the 
entire configuration of the crystalline basement (faults, the peak ring and the central 
peak), the displaced sedimentary megablocks which overlie the crystalline basement 
material, the Exmore breccia that fills the crater, the pre-impact sediments that surround 
the crater, as well as the post-impact sediments (Poag, 1996; Poag et al., 2004; Powars 
and Bruce, 1999). The USGS added further concrete evidence regarding the overall, 
detailed structure of the impact crater through the use of high-resolution, multi-channel, 
continuous seismic-reflection profiles (Powars and Bruce, 1999; Powars et al., 2009; 
Figure 1.13).  
 
These profiles clearly displayed images (reflections) of the basement, the pre- and post-
impact material inside and outside the crater, the Exmore breccia, the displaced 
megablocks in the annular trough and the extensional collapse structures and faults that 
have cut the sedimentary beds above the Exmore breccia (Poag et al., 2004; Horton et al., 
2005c, 2005d; Plescia et al., 2009; Powars et al., 2009).  
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Figure 1.12: Map of the tracklines for seismic reflection surveys and the location of the boreholes and 
continuous drill cores for the Chesapeake Bay impact structure (from Poag et al., 2004).  
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Figure 1.13: Layered 3D block model of the Chesapeake Bay impact structure. A series of structural 
maps that are derived from the geological interpretation of seismic reflection profiles. A) Inclined 
image of the crystalline basement surface, showing an excavated inner basin with the central peak 
and sub-peaks, which are surrounded by the peak ring basin. B) Inclined image of the crystalline 
basement surface and the pre-impact sediments. All crater-fill deposits have been removed. C) 
Inclined image similar to B, with added displaced megablocks and Exmore breccia to the crater fill. 
D) Inclined image similar to that of C, with initial post-impact deposits (Dead Zone and 
Chickahominy Formation added). E) Inclined image similar to that of D, with post-impact sediments 
and modern topographical/bathymetric surface added. F) Inclined cross section through the B layer, 
showing the sliced peak and two sub-peaks of the central peak. The vertical scale is measured in 
metres and the horizontal scale is measured in 20-km increments (from Gohn et al., 2004).  
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According to Powars et al. (2009), reflections with approximately 20 – 30 m of relief in 
the uppermost part of the crater-fill and lowermost part of the post-impact section 
indicate differential compaction of the crater-fill materials during early post-impact time. 
Bowin and Costain (pers. comm. 1998) collected and analysed large volumes of data 
based on land and marine gravity and magnetic anomalies. Results based on the visual 
examination of the images compiled from the collected data suggested that a general 
eastward decline in gravity anomalies occurs, possibly due to the subsidence of the 
basement surface beneath the thick sedimentary column of the continental margin (Poag 
et al., 2004). 
 
Major features identified from gravity and magnetic analyses are a sub-circular bull’s eye 
negative anomaly, which corresponds to the seismically-defined inner basin, and a ring of 
positive anomalies that correlate to the peak-ring (Poag et al., 2004; Horton et al., 2005c, 
2005d; Plescia et al., 2009).  
 
Shah et al. (2005, 2009) collected more gravity and magnetic field data, refined the 
geophysical signatures of the impact structure and discussed the possible volume and 
occurrence of the impact melt. According to Plescia et al. (2009), modelling of the 
gravity data is consistent with a depth to basement of approximately 1600 m at the site of 
the Eyreville drill hole and 800 m at the central uplift. Both depths are greater than the 
depth at which the crystalline basement was encountered, thus, suggesting that the cored 
material is highly fractured para-allochthonous rock (Plescia et al., 2009).  
 
Grieve and Pilkington (1996) and Koeberl et al. (2006) suggested that the distribution of 
the gravity anomalies in the CBIS is indicative of a complex impact structure (Figure 
1.14). The anomaly, however, has not been recognised as being associated with the 
faulted margin or the outer edge of the structure according to recent literature by Plescia 
et al. (2009). The extensive volume of seismic reflection profiles and magnetic and 
gravity surveys that have been collected and analysed clearly indicates that the 
morphological and structural features of the outer wall, the annular trough and the 
displaced megablocks are generally expressed by pre-impact sedimentary rocks and, to a 
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much lesser degree, by the crystalline basement rocks (Poag et al., 2004; Horton et al., 
2005c, 2005d; Koeberl et al., 2006; Plescia et al., 2009). In contrast, however, the peak-
ring, the inner basin and the central peak of the Chesapeake Bay impact structure are all 
located in rocks of the crystalline basement (Koeberl et al., 2006). 
 
 
Figure 1.14: Chesapeake Bay Impact Crater residual Bouguer gravity anomaly map with 
superimposed outlines of the major depositional features derived from seismic reflection profiles. 
Data have been corrected for water depth and integration with land data. The yellow/white dashed 
line represents the outer rim of the crater; the two solid red lines represent the outer and inner 
boundaries of the peak ring; the dashed red line represents the outline of the central peak (from 
Gohn et al., 2004).  
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Densities from the Eyreville drill core and modeling suggest a density contrast of 
approximately 0.3 – 0.6 g cm-3 between the crystalline basement and the within crater 
material (Plescia et al., 2009). The density contrast is a function of the way in which the 
crater fill was deposited. 
 
1.9 Geochemical Studies 
Various studies on the material (post-impact sediments, crater-fill deposits i.e., 
impactites, as well as crystalline basement rocks from various drill cores and outcrops) 
from the Chesapeake Bay impact structure were performed by a variety of authors such 
as Glass et al. (1986), Koeberl et al. (1996), Horton et al. (2004), Poag et al. (2004), 
Edwards et al. (2005), Frederiksen et al. (2005); Horton et al. (2005b, 2005d); Horton and 
Izett (2005a); Poag and Aubry (2005a); Deutsch and Koeberl (2006). 
 
Detailed chemical analysis of the Exmore breccia was performed by Poag et al. (2004) in 
order to chemically determine the different lithological components of the breccia and 
whether the breccia contains a meteoritic component. Results obtained showed that the 
breccia comprises a wide variety of lithic clasts, of which the main constituents are 
sedimentary clasts (Horton et al., 2004; Horton and Izett, 2005a). In agreement with these 
studies, Schmitt et al. (2009) showed that the Exmore breccia is a mixture of sedimentary 
and crystalline target material. Bulk-rock chemical studies performed on the impactites 
indicate that the composition of the Exmore breccia and the impactites are similar 
(Reimold et al., 2009 and Schmitt et al., 2009). Geochemical analyses for this and 
previous studies of the impactites (Poag et al., 2004; Deutsch and Koeberl, 2006) were 
difficult to perform owing to the limited number of samples available and the poor 
quality of the breccia in places. 
 
Further results of geochemical analysis of the Exmore breccia, the impactites, the granitic 
and amphibolite megablocks and the basal crystalline sections in the Eyreville drill cores 
are reported in papers from Bartosova et al. (2009a, 2009b); Gibson et al. (2009); Gohn et 
al. (2009); Horton et al. (2009a, 2009b); Reimold et al. (2009); Schmitt et al. (2009); 
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Townsend et al. (2009) and Wittmann et al. (2009a, 2009b). Results from these studies 
will be discussed later on in Chapter Three.  
 
1.10 This Study 
The objective of this study is the detailed lithostratigraphic, petrographic and 
geochemical analysis of a suite of 65 samples from the crater-fill impactite sequence 
between 1397.16 and 1551.19 m depth in the Eyreville B drill core, which was extracted 
from the circular structural low that surrounds the central uplift of the Chesapeake Bay 
impact structure (Figure 1.1). This investigation includes hand specimen and petrographic 
description, electron microprobe analysis (EMPA) of the impactite matrix and mineral, 
lithic and melt clasts as well as bulk-rock and trace element geochemical analysis of the 
impactites, with the aim of establishing provenance of the breccias, their mode of 
formation, and levels of shock and impact-induced hydrothermal metamorphism.  
 
The primary focus of this study is to examine and understand the conditions and 
processes involved in the formation of the impactite sequence. An important part of this 
objective is to constrain the chemical composition of the impactites and melt clasts and to 
compare them with the compositions of the target minerals and rocks obtained by 
Townsend et al. (2009). The relative abundances and distribution of the matrix, mineral, 
lithic and melt clasts in the impactite sequence are important in order to reconstruct the 
petrogenesis of this material. These observations are combined with other work based on 
the impactite sequence of the Eyreville B drill core, from authors such as Bartosova et al. 
(2009a, 2009b); Gibson et al. (2009); Gohn et al. (2009); Horton et al. (2009a, 2009b); 
Kenkmann et al. (2009); Poag et al. (2009); Reimold et al. (2009); Schmitt et al. (2009); 
Townsend et al. (2009) and Wittmann et al. (2009a, 2009b). A comparison of the 
Chesapeake Bay impactite sequence with impact breccias from a variety of impact craters 
(marine and non-marine) is discussed in Chapter 6.  
 
Various limitations with regards to the sampling for this study were experienced owing to 
parallel studies undertaken at the same time (refer to Bartosova et al., 2009a, 2009b; 
Horton et al., 2009a, 2009b and Wittmann et al., 2009a, 2009b). The main sampling party 
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took place during 2005-2006; however, owing to funding issues, the RG sample set 
(obtained by R.L. Gibson) was only obtained in mid-2006 and, as a result, the number of 
samples that could be collected in certain intervals was limited. These samples were then 
later split into two MSc’s (the impactite sequence, covered in this study, and the 
basement and megablock rocks, covered by G.N. Townsend). Limits were also placed on 
the size of the samples as only quarter cores up to a maximum of approximately 150 mm 
in length were allowed to be sampled. Especially in light of the coarse and heterogeneous 
nature of the breccias, these factors need to be recognised when considering the various 
geochemical and petrographic components of the project.  
 
The objectives of this study include the following: 
• Petrographic description and analysis of the impactites in the Eyreville B drill 
core through microscopic and macroscopic observations. 
• Provenance studies through clast analyses and descriptions. 
• Geochemical analysis of the impactites through electron microprobe analysis 
(EMPA), X-ray fluorescence (XRF; major and trace elements) and inductively 
coupled plasma-mass spectrometric (ICP-MS; rare earth elements (REE)) 
analysis.  
• Petrographic and geochemical descriptions and analyses of pre- and post-impact 
hydrothermal alteration of the impactites.  
• Descriptions and analyses of shock deformation features.  
• Comparisons of the impactite sequence with sequences from other marine and 
continental impact craters.  
• Final hypothesis for the formation of the impactite sequence of the Eyreville B 
drill core.  
 
Chapter 2 presents detailed whole-core analysis and micro- and macroscopic petrographic 
observations on the 65 samples from the impactite sequence. Chapter 3 presents the 
results of geochemical analyses of 23 selected samples from the impactite sequence of the 
Eyreville B drill core, including major and trace element (X-ray fluorescence) and rare 
earth element (ICP-MS) data. Chapter 4 presents petrographic and geochemical 
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observations and analyses of the melt clasts. Chapter 5 presents the shock metamorphic 
observations and findings for the impactite sequence, based on detailed petrography and 
microscopic point counting analyses, and the use of universal stage measurements of 
quartz grains. Finally, Chapter 6 presents the discussion and conclusions of the 
observations, analyses and findings of this study, including a detailed comparison against 
various impactites from other impact craters and a comparison with other studies that 
formed part of the ICDP project.  
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Chapter Two: Petrography and Lithostratigraphy of the Impactite Sequence, 
Eyreville B Drill Core 
 
2.1 Introduction 
This chapter presents a detailed petrographic analysis of the impactite sequence 
between 1397.16 and 1537.67 m depth of the Eyreville B drill core. The 
quantification of the matrix and mineral, lithic and melt clast components, as well as 
their distribution, is an important step in order to reconstruct the petrogenesis of the 
lithologies of the impactite sequence. Petrographic analysis of the impactite sequence 
also allows comparisons of the Chesapeake Bay impact structure to other marine and 
non-marine impact craters in which impactite sequences are preserved, such as 
Gardnos, Lockne, Mjølnir, Chicxulub, Montagnais, Toms Canyon, Tvären, Manson 
and Ries impact structures (Poag et al., 2002a; Horton et al., 2005b; Gohn 2006a; 
Koeberl et al., 2007b; Ormö et al., 2007; Fernandes et al., 2008; Bartosova et al., 
2009a; Dypvik and Kalleson, 2010; Wittmann et al., 2009a).  
 
Horton et al. (2009a) have divided the impactite sequence of the Eyreville B drill core 
into the upper impactites (1397.16 to 1474.05 m), which are characterised by suevite, 
impact melt rock, shocked minerals and cataclastic gneiss blocks/boulders, and the 
lower impactites (1474.05 m to 1551.19 m), which are dominated by polymict lithic 
impact breccia and cataclastic gneiss boulders and blocks. Further subdivision of the 
upper impactites by Horton et al. (2009a), as shown in Figure 2.1a, results in 7 
subunits: (1) Upper suevite (SU); (2) Clast-rich impact melt rock (M2); (3) Suevite 
(S3); (4) Cataclastic gneiss boulder (BC); (5) Suevite (S2); (6) Clast-rich impact melt 
(M1) and (7) Suevite (S1). The lower impactites have been subdivided by Horton et 
al. (2009a) into 10 subunits that largely reflect alternating blocks of cataclastic gneiss 
and intervening polymict impact breccia: (1) Cataclastic gneiss block (B5); (2) 
Polymict impact breccia (P4); (3) Cataclastic gneiss block (B4); (4) Polymict impact 
breccia (P3); (5) Cataclastic gneiss block (B3); (6) Polymict impact breccia (P2); (7) 
Cataclastic gneiss block (B2); (8) Graphite-rich cataclasite (GC); (9) Cataclastic 
gneiss block (B1) and (10) Polymict impact breccia (P1), as shown in Figure 2.1a. 
This particular impactite sequence has been studied extensively by Gohn (2006a), 
Glidewell et al. (2007), Koeberl et al. (2007), Fernandes et al. (2008), Bartosova et al. 
(2009a), Horton et al. (2009a), Schmitt et al. (2009) and Wittmann et al. (2009a).  
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Figure 2.1: Lithostratigraphic columns of the impactite sequence (a) (Horton et al. 2009a) and the 
Eyreville B drill core (b) (Bartosova et al. 2009a). The upper impactites (1397.16 – 1474.05 m 
depth) consist of alternating layers of suevite; a cataclastic gneiss boulder and clast-rich impact 
melt rock. The lower impactites (1474.05 – 1537.75 m depth) consist of cataclastic gneiss blocks 
and polymict impact breccia. Also shown is the sample density over the entire impactite 
sequence, as obtained in this study. The sample density was, in part, dictated by prior sampling 
density for other studies; thus, no samples were obtained for the M1 subunit. 
 
This study is based on macroscopic and transmitted (and reflected) light optical 
microscopy and scanning electron microscopic analysis of samples that were obtained 
by R.L. Gibson (RLG series) from the Eyreville B drill core.  
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2.2 Methodology 
The impactite sequence in the Eyreville B drill core was recovered between 1397.16 
and 1551.19 m (Gohn, 2006a; Koeberl et al., 2007b; Horton et al., 2009a); however, 
samples for this study were recovered from 1393.12 to 1537.67 m (Figure 2.1). 
Appendix 1a lists the 65 samples of suevite, impact melt rock, polymict impact 
breccia and cataclastic gneiss that were obtained by R.L. Gibson in June 2006. Owing 
to prior sampling by other researchers as well as the quality of the breccia, no samples 
could be taken of the M1 subunit; however, detailed macroscopic analysis of the 
remaining core in the M1 subunit was possible. Detailed core logging of the impactite 
subunits, which cover 52 core boxes, took place during two visits to the USGS drill 
core repository in Reston, Virginia in October 2007 and again in August 2008. Results 
from the core logging have been used in combination with core box photographs 
taken by D.S. Powars, USGS, as well as detailed petrographic analyses of the RLG 
samples in order to present a comprehensive petrographic study of the impactite 
sequence.  
 
Detailed microscopic and macroscopic hand specimen analysis of all 65 samples was 
undertaken during January – March 2007. Microscopic analysis involves the 
identification of matrix, mineral, lithic and melt clasts in a 2.5 by 4.5 cm thin section, 
whereas macroscopic analysis involves the identification of mineral, lithic and melt 
clasts, generally in hand samples and drill cores. The limitation to the macroscopic 
analysis is the 4 cm diameter of the core that restricts description of larger clasts, as 
well as the limitations of describing clasts at the smaller end of the range (<0.3 mm, 
smallest clast size that was observed with a hand lens). Logging of the core involved 
the micro- (through use of a hand lens) and macroscopic identification of every 
mineral and lithic clast that crossed a vertical line positioned in the centre of each drill 
core. Any obvious changes in colour, shape and size of clasts with depth was also 
noted. Detailed descriptions of all the lithic clasts identified in the impactite sequence 
are presented in Appendix 1b, and petrographic and hand sample summary 
descriptions (Appendix 1c) as well as core box (Appendix 1d) and hand sample 
photographs (Appendix 1e) are presented. The mineral abbreviations are after Kretz 
(1983).  
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Transmitted light microscopic analysis was performed on 65 polished petrographic 
thin sections, prepared at SGS Lakefield Laboratories (Johannesburg, South Africa). 
This analysis obtained the proportions of matrix and various clast types (i.e., mineral, 
lithic and melt clasts) observed. Clasts less than 4 cm but greater than 0.3 mm in size 
were included in this microscopic count, although thin sections were typically sited to 
avoid large lithic and/or melt clasts. The size cut-off between clast and matrix 
material was taken as 0.3 mm. This analysis was complemented by point counting of 
29 thin sections from selected subunits of the impactite sequence using the method of 
Chayes (1949), with approximately 1000 points being studied over 1 cm2 areas. A 
number of thin sections were also subjected to point counting to quantify shock 
deformation in all observable quartz and feldspar grains (see Chapter Five). Once 
again, the areas chosen for point counting analysis avoided large clasts. 
 
The micro- and macroscopic approaches for the identification of matrix material and 
clasts throughout the impactite sequence were taken in order to obtain a 
comprehensive and detailed petrographic and compositional analysis of the impactites 
at all possible scales, given the limitations of a single, 4 cm diameter core. The 
macroscopic, semi-quantitative, mid-line approach was taken owing to time 
constraints; however, the limitation of this method is that not every clast in the drill 
core is counted, as only clasts that cut the vertical line are included. Microscopic point 
counting provides a more comprehensive, but two-dimensional, analysis, and only 
allows for a small section of a sample to be analysed, and, thus, results may be prone 
to bias in breccia samples with large clast sizes. 
 
Scanning electron microscopy (SEM) was undertaken at the geoscientific laboratories 
of the Museum of Natural History in Berlin in order to identify and examine mineral 
and lithic clasts in detail as well as to examine their textures. SEM work was 
performed using a JEOL-JSM 6300 instrument (Unix-software) at 15 kV acceleration 
voltage and samples were observed in the backscattered electron mode (BSEM). Prior 
to SEM analysis, polished thin sections were coated with carbon. Circled areas that 
needed to be examined were checked for their major element composition using 
energy-dispersive spectroscopy. Melt clast petrography and geochemistry have not 
been included in this chapter owing to the large volume of data obtained; 
characteristics and the chemistry of the melt clasts are dealt with in Chapter Four.  
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2.3 General Petrographic Overview of the Impactite Sequence 
For this study, the upper (1397.16 to 1474.05 m) and lower (1474.05 to 1537.75 m) 
impactite sequence subdivisions of Horton et al. (2009a) were used. Figure 2.1a 
shows the subdivisions of the impactite sequence as well as the numbers of samples 
from each unit. A summary description of the sequence is provided in Table 2.1.  
 
Table 2.1: Lithostratigraphic subdivisions of the impactite sequence, Eyreville B drill core (after 
Horton et al., 2009a).  
Unit Sample depth (m) Subunit Lithology 
        
Upper 1397.15 - 1402.02 Upper suevite (SU) Suevite 
Impactites 1402.02 - 1407.49 Clast-rich impact melt rock (M2) Impact melt 
 1407.49 - 1432.26 Suevite (S3) Suevite 
 1432.26 - 1433.78 Cataclastic gneiss boulder (BC) Cataclastic gneiss 
 1433.78 - 1450.22 Suevite (S2) Suevite 
 1450.22 - 1451.22 Clast-rich impact melt rock (M1) Impact melt 
  1451.22 - 1474.05 Suevite (S1) Suevite 
Lower  1474.05 - 1480.23 Cataclastic gneiss block (B5) Cataclastic gneiss 
Impactites 1480.23 - 1486.11 Polymict impact breccia (P4) Polymict breccia 
 1486.11 - 1503.94 Cataclastic gneiss block (B4) Cataclastic gneiss 
 1503.94 - 1512.81 Polymict impact breccia (P3) Polymict breccia 
 1512.81 - 1521.56 Cataclastic gneiss block (B3) Cataclastic gneiss 
  1521.56 - 1537.75 Polymict impact breccia (P2) Polymict breccia 
 
The upper impactite unit is 76.89 m thick and comprises suevite alternating with 5.07 
m of clast-rich impact melt rock and a boulder of cataclastic gneiss 1.52 m in vertical 
extent, whereas the lower impactite unit is 63.7 m thick and comprises polymict 
impact breccia alternating with cataclastic gneiss blocks that are individually up to 18 
m in vertical extent (Figure 2.1a; Table 2.1). Macroscopically, the upper impactites 
(Figure 2.2 A and B) are far more abundant in melt clasts than the lower impactites 
(Figure 2.2 C and D; see Chapter 4). Microscopic melt clasts have been observed in 
the polymict impact breccia subunits (Chapter Four, Section 4.5), thus, the polymict 
lithic impact breccia (PLIB) terminology must be viewed with caution. While the 
overall work on this sequence has shown a predominance of polymict lithic impact 
breccia, our samples do contain microscopic melt clasts and should thus be classified 
as suevite.  
 
2.3.1 Matrix Characteristics 
Throughout the impactite sequence of the Eyreville B drill core, the colour of the 
matrix material varies from light to dark greyish-brown (Figure 2.3 A, B and C). 
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Overall, samples change from predominantly matrix- to clast supported with 
increasing depth.  
 
 
 
 
 
Figure 2.2: Core box photographs (from Powars, 2006) of the upper impactite unit. A) Upper 
suevite (SU), Box 231, box depth = 1398.73 to 1401.75 m; matrix-supported suevite consisting of 
rare melt agglomerates (indicated by solid white box) up to approximately 30 cm in length, 
situated in a heterogeneous mixture of suevite and lithic impact breccia: dark brown to black, 
angular phyllite (P) and graphitic shale (Sh) clasts; laminated, angular shale clasts (Sh); white to 
grey, angular sandstone (St) and quartz (Qtz) vein; grey, white, brown and black melt clasts (M). 
B) Suevite (S3), Box 234, box depth = 1410.71 to 1413.36 m; matrix-supported suevite with 
abundant lithic and melt clasts: black, angular, laminated shale (Sh); sandstone (St); white to 
grey felsic gneiss (Fg) with a cross-cutting quartz vein; dark grey to black, laminated mafic gneiss 
(Mg); white, grey, brown and black melt clasts (M; indicated by dashed arrows). Horizontal 
length of core box = 60.96 cm. Continued on next page. 
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Figure 2.2 (continued): Core box photographs (from Powars, 2006) of the lower impactite unit. 
C) Polymict impact breccia (P3), Box 267, box depth = 1503.27 to 1506.23 m; clast-supported 
breccia consisting of cm- to m-sized, dark grey brecciated cataclastic gneiss (Cg) clasts with 
cross-cutting quartz veins; dark grey to black, angular phyllite (P) and shale (Sh); white to dark 
grey, conglomerate grit (Cn) with cross-cutting quartz veins (Qtz); melt clasts are microscopic. 
D) Polymict impact breccia (P2), Box 277, box depth = 1533.51 to 1536.41 m; clast-supported 
breccia composed predominantly of metamorphic and igneous clasts: dark grey to black, angular 
shale (Sh), mafic gneiss (Mg) and graphite (Gr); light to dark grey, felsic gneiss (Fg) situated in a 
dark grey to black graphitic matrix. Horizontal length of core box = 60.96 cm. 
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Figure 2.3: Hand specimen photographs of impactites from the Eyreville B drill core. A) Sample 
RG18, upper impactites, sample depth = 1413.71 m (sample wetted to enhance contrast); light 
grey, matrix-dominated upper suevite (S3) with clasts of light grey, fractured granitoid (G) with 
quartz (Qtz) inclusions; dark grey, light brown and dark brown melt (M) clasts with evident flow 
structures (schlieren); black, laminated, angular shale (Sh). B) Sample RG101, upper impactites, 
sample depth = 1464.92 m (wet sample); dark grey matrix-dominated lower suevite (S1) with an 
increase in mm- to dm-sized lithic clasts relative to the overlying suevite subunits: dark grey to 
black, laminated phyllite (P) and shale (Sh); light grey, angular felsic gneiss (Fg) with cross-
cutting quartz vein; light brown-grey to white, angular silty claystone (Sc) and carbonate (C); 
light green, altered melt (M). (C) Sample RG14, upper impactites, sample depth = 1403.99 m (wet 
sample); matrix-dominated impact melt rock (M2) with mm- to cm-sized light brown to dark 
grey-black, altered clasts (M; indicated by dashed arrows); white to light grey carbonate (C) 
clast. Scale bar = 50 mm. 
 
Microscopically, the average proportion of matrix throughout the impactite sequence 
in relation to the mineral, lithic and melt clast abundances is 21.9 vol% (based on 
point counting analysis of 29 individual samples; Table 2.2). With regards to only the 
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upper and lower impactite compositions, the average proportion of matrix is 23.5 and 
19.8 vol%, respectively (Table 2.2). Slight variations in the matrix abundance in the 
upper (Figure 2.4 D) and lower (Figure 2.4 H) impactites with depth are evident, 
however, the changes are not significant (Table 2.3). Backscattered electron SEM 
analysis indicates that the matrix is composed of both mono- and polycrystalline 
mineral (primarily quartz, feldspar and mica) and lithic clasts up to 0.25 mm in size, 
with minimal abundance of melt clasts (Figure 2.5 A and B). 
 
Table 2.2: Microscopic point counting analysis (data in vol%) of the impactite sequence. 
Unit Impactite sequence   Upper impactites   Lower Impactites   
Depth (m) 1396.03 - 1537.67 vol% 1396.03 - 1474.05 vol% 1474.05 - 1537.67 vol% 
Matrix 6679 21.9 4186 23.5 2493 19.8 
Minerals clasts 16288 53.5 8939 50.1 7349 58.4 
Lithic clasts 5745 18.9 3121 17.5 2624 20.8 
- Igneous 860 2.8 440 2.5 420 3.3 
- Sedimentary 1930 6.3 1493 8.4 437 3.5 
- Metamorphic 2955 9.7 1188 6.7 1767 14.0 
Melt clasts 1726 5.7 1601 9.0 125 1.0 
Total 30438 100.0 17847 100.0 12591 100.0 
  
            
Mineral clasts       
Quartz 5869 19.3 2889 16.2 2980 23.7 
Feldspar 7071 23.2 4166 23.3 2905 23.1 
Mica 2880 9.5 1575 8.8 1305 10.4 
Accessory minerals 468 1.5 309 1.7 159 1.3 
  
            
Lithic clasts       
Dolerite 50 0.2 27 0.2 23 0.2 
Granitoid 537 1.8 259 1.5 278 2.2 
Quartz pegmatoid 273 0.9 154 0.9 119 0.9 
Shale 804 2.6 674 3.8 130 1.0 
Sandstone 330 1.1 228 1.3 102 0.8 
Greywacke 130 0.4 103 0.6 27 0.2 
Siltstone 215 0.7 159 0.9 56 0.4 
Claystone 79 0.3 61 0.3 18 0.1 
Arkose 71 0.2 50 0.3 21 0.2 
Conglomerate 165 0.5 116 0.6 49 0.4 
Silty claystone 136 0.4 102 0.6 34 0.3 
Phyllite 934 3.1 406 2.3 528 4.2 
Mica schist 648 2.1 249 1.4 399 3.2 
Slate 145 0.5 56 0.3 89 0.7 
Mafic orthogneiss 570 1.9 222 1.2 348 2.8 
Felsic orthogneiss 658 2.2 255 1.4 403 3.2 
 
* Total feldspar = plagioclase + K-feldspar; Mica = muscovite + biotite; Accessory minerals = epidote, 
chlorite, zircon, garnet, rutile + tremolite. Approximately 1000 grains were counted per thin section 
over 1 cm2 areas. Matrix consists of grains that are less than 0.3 mm in size.    
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Figure 2.4: Microscopic variation in dominant mineral and lithic clast and matrix abundance (in 
vol%) in the upper impactite unit of the impactite sequence (based on point counting 
(microscopic) analysis; Table 2.3). A) and B) dominant lithic clasts; C) dominant mineral clasts; 
D) matrix. For the full explanation of the stratigraphic column, see Figure 2.1.  
  
The individual clasts of the matrix vary in shape from rounded to angular in the upper 
impactite unit. Melt clasts show a horizontal alignment (lamination; between depths 
of 1413.71 to 1417.41 m and 1428.02 to 1430.90 m) and occur around mineral and 
lithic clasts, which could possibly have been produced by the compaction of the 
material. The matrix of the lower impactites lacks pervasive alignment of mineral and 
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melt clasts and contains individual clasts that are far more sub-rounded to angular in 
shape (Figure 2.5 A, B and C; Table 2.4). The maximum grain size measured in the 
matrix ranges from 0.25 mm in the upper impactites to 0.23 mm in the lower 
impactites as shown in Figure 2.6 A and Table 2.4.  
 
 
 
 
        
         
        
 
        
 
         
        
 
         
        
 
        
 
         
        
 
         
        
 
         
         
         
         
         
         
        
 
         
        
 
        
 
         
        
 
         
        
 
         
        
 
         
        
 
         
         
         
         
         
         
 
Figure 2.4 (Continued): Dominant mineral and lithic clasts and matrix abundance variation (in 
vol%) throughout the lower impactite unit of the impactite sequence from the Eyreville B drill 
core (based on point counting (microscopic) analysis; Table 2.3). E) and F) dominant lithic clasts; 
G) dominant mineral clasts; (H) matrix. For the full explanation of the stratigraphic column, see 
Figure 2.1.  
B5 
P4 
B4 
P3 
B3 
P2 
B2 
B5 
P4 
B4 
P3 
B3 
P2 
B2 
 56 
Table 2.3: Point counting analysis (data in vol%) by optical microscopy on selected thin sections from the impactite sequence. Continued on next page. 
Sample # RG11 RG12 RG14 RG16 RG18 RG19 RG20 RG22 RG26 RG29 RG111 RG110 RG109 RG108 RG105 
Depth (m) 1396.03 1397.51 1403.99 1408.39 1413.71 1414.15 1417.41 1420.23 1424.85 1428.02 1450.07 1451.73 1452.51 1453.16 1455.15 
Unit SU SU M2 S3 S3 S3 S3 S3 S3 S3 S2 S1 S1 S1 S1 
Total matrix 24.1 25.3 26.4 24.4 21.8 22.6 24.3 23.8 25.3 21.9 18.8 22.3 21.9 23.8 25.2 
Quartz 12.7 12.3 15.4 12.3 13.7 11.8 12.2 13.7 15.5 17.2 18.3 15.9 18.0 19.1 18.4 
Feldspar 20.3 21.8 21.5 20.0 21.3 22.0 20.3 21.0 21.8 25.4 27.5 26.7 24.1 24.9 20.9 
Mica 5.7 5.5 7.4 7.2 6.3 5.7 5.2 5.8 7.1 8.4 10.8 11.2 12.0 12.0 13.5 
Accessory minerals 2.7 3.0 1.8 2.5 1.6 2.5 1.5 3.5 2.2 1.3 1.2 0.8 0.7 0.8 1.9 
Dolerite 0.0 0.0 0.2 0.1 0.0 0.1 0.3 0.4 0.0 0.1 0.3 0.2 0.1 0.1 0.0 
Granitoid 0.4 0.6 1.3 1.0 0.7 1.1 0.8 1.1 1.5 1.8 2.1 1.9 2.6 1.6 1.7 
Quartz pegmatoid 0.5 0.0 1.0 0.1 0.0 0.2 0.5 0.7 1.2 1.3 1.5 1.5 1.1 1.2 0.9 
Shale 6.3 5.8 4.2 5.8 5.6 5.2 5.3 3.9 3.5 3.4 3.0 3.3 3.2 2.7 2.9 
Sandstone 1.8 1.3 1.1 2.1 2.2 1.8 2.2 1.5 1.3 1.1 0.8 1.0 0.8 0.7 1.0 
Greywacke 0.4 0.3 0.8 0.6 0.8 0.3 1.0 1.1 0.9 0.8 0.5 0.8 0.3 0.4 0.6 
Siltstone 1.1 1.4 1.2 0.9 1.6 0.8 1.8 1.2 1.5 0.9 0.8 0.4 0.8 0.3 0.7 
Claystone 0.5 0.5 0.3 0.8 1.0 0.9 0.2 0.6 0.1 0.2 0.2 0.0 0.3 0.1 0.1 
Arkose 1.0 0.4 0.2 0.1 0.5 0.7 0.3 0.8 0.4 0.0 0.1 0.1 0.2 0.0 0.3 
Conglomerate 0.9 1.0 0.5 1.3 0.7 1.9 0.8 1.0 1.1 0.7 0.6 0.4 0.5 0.2 0.3 
Silty claystone 1.3 1.1 0.9 0.6 1.5 0.8 0.9 0.4 0.6 0.3 0.6 0.8 0.2 0.4 0.1 
Phyllite 1.2 1.5 2.2 1.9 2.6 2.1 2.7 2.0 2.4 2.3 2.0 2.6 2.7 2.9 2.2 
Mica schist 1.0 0.8 1.2 1.0 0.8 1.2 1.8 1.3 1.5 1.5 1.1 1.6 1.5 1.9 1.7 
Slate 0.2 0.0 0.3 0.0 0.1 0.3 0.2 0.7 0.4 0.5 0.3 0.2 0.4 0.1 0.6 
Mafic orthogneiss 1.1 0.9 1.0 1.1 0.9 1.6 1.3 1.4 1.2 0.9 1.3 1.0 1.6 0.9 1.3 
Felsic orthogneiss 1.0 1.3 1.1 1.5 1.7 1.2 1.0 1.3 1.5 2.1 1.8 1.4 1.1 1.3 1.4 
Type 1 melt clasts 12.4 11.4 6.0 10.3 9.6 9.9 9.8 7.3 5.1 4.8 3.3 3.4 3.2 3.2 2.2 
Type 2 melt clasts 3.5 4.2 4.1 4.3 4.8 5.0 5.7 5.7 3.9 3.0 3.2 2.5 2.4 1.7 2.1 
  100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
 
* Total feldspar = plagioclase + K-feldspar; Mica = muscovite + biotite; Accessory minerals = epidote, chlorite, zircon, garnet, rutile + tremolite. Approximately 
1000 points were counted per thin section over 1 cm2 areas. Matrix consists of grains that are less than 0.3 mm in size. * Type 1 melt clasts = banded, unaltered to 
highly altered; white, green and light brown in colour; black/brown schlieren. * Type 2 melt clasts = generally massive; dark brown and black in colour; smectite 
alteration, lack in banding (laminations) – See Chapter Four.  
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Table 2.3: (continued.) Point counting analysis (data in vol%) by optical microscopy on selected thin sections from the impactite sequence. 
Sample # RG101 RG99 RG98 RG96 RG94 RG93 RG91 RG90 RG88 RG86 RG84 RG83 RG81 RG79 
Depth (m) 1464.91 1468.56 1468.68 1476.79 1489.86 1494.39 1504.42 1506.89 1512.22 1519.37 1530.61 1532.75 1535.66 1537.67 
Unit S1 S1 S1 B5 B4 B4 P3 P3 P3 B3 P2 P2 P2 P2 
Total matrix 25.3 23.1 22.3 21.5 22.3 22.5 22.6 18.7 14.4 16.0 21.0 19.6 21.5 18.3 
Quartz 18.6 20.5 21.7 23.0 22.8 22.5 21.9 22.6 22.0 24.1 19.6 26.2 27.1 28.3 
Feldspar 24.3 26.5 26.9 26.2 23.5 24.1 21.3 21.6 25.8 25.3 25.2 22.2 19.8 18.7 
Mica 11.7 10.8 9.7 8.3 7.8 8.7 9.6 10.7 14.0 14.6 11.7 10.3 8.7 9.0 
Accessory minerals 1.3 1.3 1.1 1.2 1.6 1.0 1.2 1.4 1.2 0.7 1.3 1.0 1.6 1.7 
Dolerite 0.2 0.4 0.2 0.1 0.1 0.1 0.4 0.2 0.3 0.1 0.4 0.0 0.2 0.3 
Granitoid 1.6 1.8 1.8 1.9 2.1 2.3 2.5 3.1 2.4 1.9 2.3 2.4 1.7 1.6 
Quartz pegmatoid 0.9 1.0 1.1 1.4 1.2 0.9 1.3 1.1 0.8 0.9 0.6 0.7 0.8 0.8 
Shale 2.5 1.9 1.9 1.7 2.0 1.8 1.6 1.5 0.8 0.6 0.4 0.3 0.5 0.3 
Sandstone 0.7 0.9 1.2 0.6 0.8 0.9 1.0 1.2 0.8 0.6 0.8 0.7 0.6 0.9 
Greywacke 0.6 0.2 0.1 0.4 0.1 0.2 0.1 0.3 0.4 0.2 0.1 0.3 0.2 0.1 
Siltstone 0.2 0.5 0.4 0.6 0.6 0.5 0.4 0.7 0.4 0.3 0.3 0.2 0.3 0.6 
Claystone 0.2 0.3 0.3 0.0 0.1 0.3 0.4 0.2 0.3 0.0 0.1 0.1 0.2 0.0 
Arkose 0.2 0.1 0.0 0.2 0.2 0.4 0.1 0.0 0.2 0.1 0.3 0.3 0.1 0.1 
Conglomerate 0.2 0.3 0.1 0.2 0.5 0.4 0.3 0.4 0.8 0.2 0.6 0.4 0.3 0.2 
Silty claystone 0.3 0.2 0.0 0.2 0.2 0.3 0.1 0.4 0.3 0.6 0.3 0.2 0.1 0.4 
Phyllite 1.8 2.2 2.8 3.3 3.9 3.5 4.2 4.4 4.2 4.2 4.8 4.1 4.5 5.1 
Mica schist 1.8 1.3 1.7 2.3 2.8 2.5 3.2 2.8 3.3 3.2 3.2 3.6 3.5 4.4 
Slate 0.7 0.2 0.3 0.6 0.5 0.7 0.8 1.1 0.6 0.3 0.7 1.0 0.9 0.5 
Mafic orthogneiss 1.6 1.4 1.7 2.2 2.4 2.2 2.7 3.5 3.3 2.6 2.6 2.1 3.1 3.7 
Felsic orthogneiss 1.5 1.7 1.7 1.8 2.6 2.7 2.9 3.0 3.1 3.0 3.5 3.5 4.2 4.8 
Type 1 melt clast 2.0 2.1 1.7 1.5 1.4 1.4 1.1 0.8 0.4 0.3 0.4 0.5 0.2 0.1 
Type 2 melt clast 1.9 1.5 1.1 0.7 0.7 0.5 0.4 0.4 0.2 0.1 0.1 0.1 0.1 0.0 
  100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
 
* Total feldspar = plagioclase + K-feldspar; Mica = muscovite + biotite; Accessory minerals = epidote, chlorite, zircon, garnet, rutile + tremolite. Approximately 
1000 points were counted per thin section over 1 cm2 areas. Matrix consists of grains that are less than 0.3 mm in size. * Type 1 melt clasts = banded, unaltered to 
highly altered; white, green and light brown in colour; black/brown schlieren. * Type 2 melt clasts = generally massive; dark brown and black in colour; smectite 
alteration, lack in banding (laminations) – See Chapter Four.  
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Figure 2.5: Backscattered electron images (A and B) of matrix, mineral and lithic clasts in the impactite sequence. A) Sample RG29, upper impactites, 
suevite (S3), sample depth = 1428.02 m; dark grey, fluidal-textured suevite matrix composed of discrete mineral and melt clasts: white to light grey, 
elongated to rounded muscovite (Mus) and biotite (Bio); corroded, light to dark grey, sub-rounded to angular feldspar (Fsp) and quartz (Qtz); elongated 
light grey melt (M) clast with evident flow structures. Scale bar = 200 µm. B) Sample RG79, lower impactites, polymict impact breccia (P2), sample depth = 
1537.67 m; dark grey, clastic matrix composed of sub-rounded and angular mineral clasts with an evident lack of melt clasts and flow structures: highly 
angular, corroded, dark grey quartz (Qtz); highly angular, light grey feldspar (Fsp); white to light grey, highly elongated muscovite (Mus) and white to 
light grey, deformed chlorite (Chl). Scale bar = 500 µm. Continued on next page. 
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Figure 2.5 (Continued): Transmitted light photomicrograph (C) of matrix, mineral and lithic clasts in the impactite sequence. C) Sample RG20, upper 
impactites, suevite (S3), sample depth = 1417.41 m; colourless, slightly fractures, sub-rounded to highly angular quartz (Qtz) and feldspar (Fsp) in a light 
brown matrix with patches of elongated, flow aligned black graphite (Grp); light brown to red, slightly corroded, elongated biotite (Bio) and black, highly 
rounded opaque (Op) minerals; chlorite (Chl) occurs around the biotite (ellipses); image width = 3 mm, plane polarised light (PPL).  
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Table 2.4: Maximum clast length (mm) and shape variation determination on selected thin sections from the impactite sequence of the Eyreville B drill core 
(Microscopic analysis; point counting).  
            Maximum length (mm)             
Unit Depth (m) Sample # 
Avg 
length (mm) Avg shape 
Matrix grain 
Size (mm) Quartz Plagioclase K-Feldspar Muscovite Biotite Igneous Sedimentary Metamorphic Melt 
SU 1396.03 RG11 3.5 S-A, S-R, R 0.1 4.1 3.7 3.0 4.0 3.5 2.5 3.1 4.0 3.2 
SU 1397.51 RG12 3.8 S-A, S-R, R 0.1 4.3 3.9 3.2 3.8 4.1 2.9 3.5 4.3 3.9 
M2 1403.99 RG14 5.1 S-A, S-R, R 0.2 6.6 5.3 5.0 4.6 5.0 4.5 4.2 4.9 5.8 
S3 1408.39 RG16 4.1 A, S-A, R, S-R 0.1 4.7 4.1 3.7 4.2 4.3 2.9 3.8 4.5 4.4 
S3 1413.71 RG18 4.5 S-A, S-R, R 0.2 5.1 4.8 4.4 4.6 4.7 3.3 4.3 4.8 4.6 
S3 1414.15 RG19 4.4 A, S-A, R, S-R 0.1 5.3 5.0 4.2 4.4 4.3 3.1 4.0 5.1 4.5 
S3 1417.41 RG20 4.5 S-A, S-R, R 0.1 5.6 5.2 4.1 4.2 4.4 3.2 4.4 5.0 4.8 
S3 1420.23 RG22 5.2 A, S-A, R, S-R 0.2 6.3 5.7 4.9 4.7 4.9 4.9 4.7 5.5 5.0 
S3 1424.85 RG26 5.1 A, S-A, R, S-R 0.2 6.8 5.4 5.3 4.3 5.2 3.6 4.8 5.5 5.3 
S3 1428.02 RG29 5.7 A, S-A, R, S-R 0.1 7.1 6.3 5.8 5.1 5.5 5.6 5.2 5.5 5.6 
S2 1450.07 RG111 6.2 A, S-A, R, S-R 0.1 7.7 6.7 6.1 5.4 5.9 5.7 6.0 6.3 6.2 
S1 1451.73 RG110 6.7 A, S-A, S-R 0.1 8.2 7.2 6.8 5.9 6.2 6.0 6.5 6.8 6.5 
S1 1452.51 RG109 7.1 A, S-A, R, S-R 0.1 9.4 7.5 7.2 6.1 6.4 7.2 6.4 6.9 7.2 
S1 1453.16 RG108 7.2 A, S-A, R, S-R 0.1 9.8 7.7 7.5 6.7 6.2 6.5 6.7 7.1 6.9 
S1 1455.15 RG105 7.4 A, S-A, S-R 0.3 5.7 8.3 7.9 6.7 6.6 7.0 6.5 7.0 6.6 
S1 1464.91 RG101 7.9 A, S-A, S-R 0.1 3.2 8.9 7.3 7.6 6.9 7.5 6.2 6.8 7.1 
S1 1468.56 RG99 8.1 A, S-A, S-R 0.2 4.3 8.6 7.0 7.3 7.4 7.8 6.4 7.0 7.2 
S1 1468.68 RG98 8.7 A, S-A, S-R 0.1 4.6 9.2 7.4 7.8 7.9 8.3 6.4 7.1 7.2 
B5 1476.79 RG96 8.6 A, S-A, S-R 0.2 6.7 9.5 7.5 8.1 7.4 8.6 6.4 7.0 7.1 
B4 1489.86 RG94 8.7 A, S-A, S-R 0.1 5.4 9.8 8.1 7.2 7.9 8.9 6.3 7.2 7.2 
B4 1494.39 RG93 8.6 A, S-A, S-R 0.1 6.1 10.2 8.5 7.5 8.3 8.7 6.2 7.2 6.8 
P3 1504.42 RG91 8.8 A, S-A, S-R 0.1 8.7 9.9 8.3 7.7 7.9 8.8 6.1 7.4 6.8 
P3 1506.89 RG90 9.1 A, S-A, S-R 0.1 9.0 10.6 8.7 8.1 8.2 9.0 6.2 7.5 6.5 
P3 1512.22 RG88 9.0 A, S-A, S-R 0.1 10.2 10.9 8.8 8.6 8.5 9.3 6.1 7.2 6.2 
B3 1519.37 RG86 9.9 A, S-A, S-R 0.1 11.0 10.2 9.9 9.2 9.3 10.7 5.7 7.5 5.9 
P2 1530.61 RG84 9.4 A, S-A, S-R 0.2 11.8 10.4 9.3 8.3 8.8 9.5 5.6 7.7 5.8 
P2 1532.75 RG83 9.7 A, S-A, S-R 0.1 10.3 11.3 9.5 8.1 8.5 10.0 5.4 8.1 5.7 
P2 1535.66 RG81 9.9 A, S-A 0.1 11.3 11.8 9.6 8.4 8.7 9.4 5.1 8.6 6.0 
P2 1537.67 RG79 9.7 A, S-A 0.1 11.9 11.2 9.8 8.6 9.0 9.4 5.3 8.3 6.1 
 
* Avg shape: A = angular; S-A = sub-angular; S-R = sub-rounded; R = rounded. Approximately 1000 grains were counted per thin section over 1 cm2 areas. Matrix 
consists of grains which are less than 0.3 mm in size.
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Figure 2.6: Microscopic matrix and clast size analysis. A) Maximum clast size (cm) in the matrix. 
Average of maximum clast size dimensions measured on the long axis of the B) mineral clasts and 
C) lithic clasts. D), E) Average clast size (cm) variations in the upper and lower impactites, 
respectively. Red line indicates the boundary between upper and lower impactites. No analyses of 
samples between 1430 and 1450 m were undertaken as the samples were highly brecciated and 
thin sections were poor. 
Qtz 
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2.3.2 Analysis of Macroscopic and Microscopic Characteristics of the Impactite 
Sequence 
Microscopic analysis allows for detailed study of a small (2.5 by 4.5 cm thin section) 
portion of a hand sample. Point counting and SEM procedures combined with 
microscopic work are useful as complete descriptions and observations can be made 
about texture and volume of micro-clasts. Only a portion of the hand sample is studied 
though, which may result in bias in the data. Only clasts less than 4.5 cm in size were 
considered which allows for a large proportion of clasts to be omitted. Macroscopic 
studies allow for a general overview of the hand sample; however, descriptions of 
textures, clast sizes and shapes as well as composition and volume of the clasts are not 
as detailed. Thus, in order to gain a better understanding of the impactite sequence as 
well as to obtain a comprehensive data set, both micro- and macroscopic analysis is 
essential.  
 
2.3.2.1 Macroscopic Overview 
2.3.2.1.1 Mineral Clast Characteristics and Composition 
Macroscopic analysis indicates that the mineral clasts comprise only 33.6 vol% (Table 
2.5) in relation to lithic and melt clasts, with quartz, feldspar, mica and accessory 
minerals contributing 12.1, 12.8, 8.0 and 0.7 vol%, respectively, of the total 
macroscopic mineral clast population. Overall, the mineral clasts increase in 
abundance with increasing depth from 27.6 to 39.8 vol% (Table 2.5). Quartz, feldspar 
and mica, all increase in modal proportion with depth, from 9.6 to 14.6 vol%, 10.0 to 
15.7 vol% and 6.8 to 9.2 vol% respectively (Figure 2.7 C; Table 2.6). Accessory 
minerals decrease in abundance with depth, from 1.1 to 0.2 vol% (Table 2.5, 2.6).  
 
2.3.2.1.2 Lithic Clast Characteristics and Composition 
The lithic clasts observed within the impactite sequence comprise igneous (granitoid, 
quartz pegmatoid and dolerite), sedimentary (shale, sandstone, greywacke, siltstone, 
claystone, arkose, conglomerate and silty claystone) and metamorphic (phyllite, mica 
schist, slate, mafic and felsic gneiss) lithologies. 
 
Macroscopic (centre-line) analysis indicates that the lithic clasts comprise 54.0 vol% 
of the total clast component of the impactites (Table 2.5). A slight increase in lithic 
clast abundance with depth from 50.3 vol% in the upper impactites to 57.8 vol% in 
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the lower impactites (Figure 2.7 A, B and C; Table 2.5) is noted. With regards to only 
the lithic clast component of the impactite sequence, the metamorphic clasts (54.0 
vol%) are more abundant than the sedimentary (20.8 vol%) and igneous (8.3 vol%) 
clasts (Table 2.5). 
 
Table 2.5: Macroscopic analysis (data in vol%) based on detailed core box analysis of the 
impactite sequence.  
Unit Impactite sequence   Upper impactites   Lower Impactites   
Depth (m) 1396.03 - 1537.67 vol% 1396.03 - 1474.05 vol% 1474.05 - 1537.67 vol% 
Minerals clasts 830 33.6 344 27.6 486 39.8 
Lithic clasts 1332 54.0 626 50.3 706 57.8 
- Igneous 205 8.3 63 5.1 142 11.6 
- Sedimentary 512 20.8 401 32.2 111 9.1 
- Metamorphic 615 54.0 162 13.0 453 37.1 
Melt clasts 305 12.4 275 22.1 30 2.5 
Total 2467 100.0 1245 100.0 1222 100.0 
  
            
Mineral clasts       
Quartz 299 12.1 120 9.6 179 14.6 
Feldspar 317 12.8 125 10.0 192 15.7 
Mica 197 8.0 85 6.8 112 9.2 
Accessory minerals 17 0.7 14 1.1 3 0.2 
  
            
Lithic clasts       
Dolerite 9 0.4 4 0.3 5 0.4 
Granitoid 129 5.2 37 3.0 92 7.5 
Quartz pegmatoid 67 2.7 22 1.8 45 3.7 
Shale 212 8.6 153 12.3 59 4.8 
Sandstone 98 4.0 77 6.2 21 1.7 
Greywacke 44 1.8 38 3.1 6 0.5 
Siltstone 51 2.1 43 3.5 8 0.7 
Claystone 19 0.8 16 1.3 3 0.2 
Arkose 23 0.9 21 1.7 2 0.2 
Conglomerate 34 1.4 25 2.0 9 0.7 
Silty claystone 31 1.3 28 2.2 3 0.2 
Phyllite 233 9.4 66 5.3 167 13.7 
Mica schist 122 4.9 40 3.2 82 6.7 
Slate 22 0.9 4 0.3 18 1.5 
Mafic orthogneiss 111 4.5 23 1.8 88 7.2 
Felsic orthogneiss 127 5.1 29 2.3 98 8.0 
 
* Total feldspar = plagioclase + K-feldspar; Mica = muscovite + biotite; Accessory minerals = epidote, 
chlorite, zircon, garnet, rutile + tremolite.  
 
Individually, phyllite (Figure 2.2 A, C, 2.3 B) displays the highest individual clast 
content with 9.4 vol%. Shale (Figure 2.2 A, B, C, D; 2.3 A, B; 2.8 C, D), granitoid 
(Figure 2.8 C), felsic gneiss (Figure 2.2 B, D; 2.3 B; 2.8 F) and mica schist (Figure 
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2.8 B) have slightly lower abundances of 8.6, 5.2, 5.1 and 4.9 vol%, respectively 
(Table 5.2).  
 
 
 
 
        
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
Figure 2.7: Graphs showing the abundances (vol%) and variations of the dominant mineral and 
lithic clasts throughout the impactite sequence of the Eyreville B drill core (based on macroscopic 
analysis; Table 2.6). A), B) and C) dominant lithic clasts; D) dominant mineral clasts. For the full 
explanation of the stratigraphic column, see Figure 2.1. 
 
Mafic gneiss (Figure 2.2 B, C, D; 2.8 C, E), sandstone (Figure 2.2 A, B) and quartz 
pegmatoid (Figure 2.2 D; 2.8 A, F) comprise the remaining important lithic clasts and 
constitute 4.5, 4.0 and 2.7 vol% of the total clast content, respectively (Table 2.5). 
Macroscopically, with regards to the upper impactite unit only, the sedimentary clast 
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content of 32.2 vol% shows the highest abundance, with the metamorphic and igneous 
content representing only 13.0 and 5.1 vol%, respectively (Table 2.5). Thus, the 
important observation is that the sedimentary component decreases with depth, which 
is highly relevant to the formation of the impactites. 
 
Sedimentary clasts (?), shale (12.3 vol%) and sandstone (6.2 vol%) are the most 
abundant lithic clasts (Table 2.5) in the upper impactite unit, with phyllite (5.3 vol%), 
mica schist (3.2 vol%), granitoid (3.0 vol%), felsic gneiss (2.3 vol%), mafic gneiss 
(1.8 vol%) and quartz pegmatoid (1.8 vol%) from the igneous and metamorphic 
lithologies making up the remaining clasts within the upper impactites (Table 2.5). 
Dolerite clasts were difficult to identify both micro- and macroscopically.  
 
Macroscopically, within the lower impactites, the metamorphic clasts display the 
highest abundance at 37.1 vol%, with the igneous and sedimentary clast content 
representing 11.6 and 9.1 vol%, respectively (Table 2.5). Within the metamorphic and 
igneous clast population of the lower impactites, phyllite (13.7 vol%), felsic gneiss 
(8.0 vol%), granitoid (7.5 vol%), mafic gneiss (7.2 vol%), mica schist (6.7 vol%) and 
quartz pegmatoid (3.7 vol%) are most abundant (Table 2.5), whereas shale (4.8 vol%) 
and sandstone (1.7 vol%) from the sedimentary clast component make up the 
remaining clasts within the lower impactite unit (Table 2.5).  
 
Macroscopic analysis shows that granitoid, quartz pegmatoid, phyllite, mica schist, 
felsic and mafic gneiss generally show a relatively constant increase in abundance 
with depth, whereas shale and sandstone decrease (Figure 2.7 A, B and C; Table 2.5). 
Slight lithic compositional variations throughout the impactite sequence have been 
observed (Figure 2.7 A, B and C; Table 2.5, 2.6). Both phyllite and mica schist are 
more abundant in the suevite and polymict impact breccia subunits in comparison to 
the clast-rich impact melt rock subunits (Figure 2.7 B; Table 2.6), whereas the felsic 
and mafic gneiss are more abundant in the polymict impact breccia subunits (Figure 
2.7 C; Table 2.6). Both granitoid and quartz pegmatoid clast abundance show an 
increase into the polymict impact breccia (Figure 2.7 A; Table 2.5, 2.6) subunits, 
whereas the shale and sandstone abundances display an increase into the suevite (S2) 
subunit (Figure 2.7 A and B; Table 2.5, 2.6).  
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Table 2.6: Macroscopic analysis (data in vol%) based on detailed core box analysis of the upper and lower impactite units of the impactite sequence from 
the Eyreville B drill core. Continued on next page. 
Unit Upper impactites Upper impactites Upper impactites Upper impactites Upper impactites Upper impactites Upper impactites 
Sub-unit SU M2 S3 BC S2 M1 S1 
Depth (m) 1397.16 - 1402.02 1402.02 - 1407.49 1407.49 - 1432.26 1432.26 - 1433.78 1433.78 - 1450.22 1450.22 - 1451.22 1451.22 - 1474.05 
Quartz 6.8 6.7 10.3 16.3 8.4 9.0 11.9 
Feldspar 6.8 6.1 7.1 11.6 10.0 11.8 17.1 
Mica 6.3 4.5 6.0 7.8 7.9 7.3 8.3 
Accessory minerals 0.5 1.2 2.1 0.8 1.6 1.2 0.5 
Dolerite 0.0 0.0 0.5 0.0 1.1 0.0 0.5 
Granitoid 1.6 1.1 3.3 2.3 3.7 3.9 4.7 
Quartz Pegmatoid 2.1 0.6 1.6 0.8 1.1 2.8 3.1 
Shale 15.1 14.5 13.6 17.8 10.5 9.0 7.3 
Sandstone 6.8 5.6 8.2 9.3 5.8 5.1 3.6 
Greywacke 3.1 2.2 2.7 6.2 3.7 1.7 2.6 
Siltstone 4.2 5.6 4.9 4.7 2.1 2.2 1.0 
Claystone 2.6 1.7 1.1 1.6 0.5 0.6 1.0 
Arkose 3.1 1.7 2.2 1.6 2.1 0.6 0.5 
Conglomerate 2.6 3.9 3.3 2.3 0.5 0.6 1.0 
Silty claystone 3.6 2.2 2.7 1.6 1.6 2.8 1.0 
Phyllite 6.3 3.4 4.9 3.1 5.3 3.9 9.3 
Mica schist 2.1 1.1 3.8 2.3 4.2 2.8 5.7 
Slate 0.0 0.0 0.0 0.8 0.5 0.0 1.0 
Mafic orthogneiss 0.0 1.1 1.6 1.6 3.2 1.7 3.6 
Felsic orthogneiss 0.5 1.7 1.1 4.7 2.1 4.5 2.6 
Type 1 melt clasts 19.5 24.5 14.8 3.0 17.7 19.0 9.7 
Type 2 melt clasts 6.6 10.8 4.2 0.2 6.5 9.6 3.8 
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
 
* Total feldspar = plagioclase + K-feldspar; Mica = muscovite + biotite; Accessory minerals = epidote, chlorite, zircon, garnet, rutile + tremolite. * Type 1 melt 
clasts = banded, unaltered to highly altered; white, green and light brown in colour; black/brown schlieren. * Type 2 melt clasts = generally massive; dark brown and 
black in colour; smectite alteration, lack in banding (laminations) – See Chapter Four.  
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Table 2.6 (continued): Macroscopic analysis (data in vol%) based on detailed core box analysis of the upper and lower impactite units of the impactite 
sequence from the Eyreville B drill core. 
Unit Lower impactites Lower impactites Lower impactites Lower impactites Lower impactites Lower impactites 
Sub-unit B5 P4 B4 P3 B3 P2 
Depth (m) 1474.05 - 1480.23 1480.23 - 1486.11 1486.11 - 1503.94 1503.94 - 1512.81 1512.81 - 1521.56 1521.56 - 1537.75 
Quartz 11.2 9.6 14.1 17.1 16.4 17.0 
Feldspar 21.1 13.9 17.8 13.6 14.6 15.2 
Mica 10.6 7.0 9.2 8.3 11.0 9.1 
Accessory minerals 0.5 0.0 0.6 0.0 0.5 0.0 
Dolerite 0.0 1.1 0.0 0.9 0.0 0.4 
Granitoid 6.2 6.4 8.6 7.0 8.2 8.3 
Quartz Pegmatoid 3.1 3.7 3.7 3.5 4.1 3.8 
Shale 7.5 7.0 4.9 4.8 4.1 2.3 
Sandstone 3.1 3.7 2.5 0.9 0.5 0.8 
Greywacke 1.2 1.6 0.0 0.4 0.0 0.0 
Siltstone 1.9 1.1 0.6 0.9 0.0 0.0 
Claystone 0.6 0.5 0.0 0.4 0.0 0.0 
Arkose 0.0 0.5 0.0 0.0 0.5 0.0 
Conglomerate 2.5 1.6 0.0 0.9 0.0 0.0 
Silty claystone 0.0 0.5 0.0 0.0 0.5 0.4 
Phyllite 9.3 13.9 13.5 14.5 13.2 15.9 
Mica schist 5.0 7.0 6.1 7.5 6.8 7.2 
Slate 0.6 1.6 0.6 2.2 0.9 2.3 
Mafic orthogneiss 5.0 5.3 8.0 7.0 8.2 8.7 
Felsic orthogneiss 9.3 6.4 8.6 6.6 10.5 7.2 
Type 1 melt clasts 1.0 5.5 0.4 2.0 0.0 1.1 
Type 2 melt clasts 2.0 2.0 0.8 1.5 0.0 0.5 
  101.6 100.0 100.0 100.0 100.0 100.1 
 
* Total feldspar = plagioclase + K-feldspar; Mica = muscovite + biotite; Accessory minerals = epidote, chlorite, zircon, garnet, rutile + tremolite. * Type 1 melt 
clasts = banded, unaltered to highly altered; white, green and light brown in colour; black/brown schlieren. * Type 2 melt clasts = generally massive; dark brown and 
black in colour; smectite alteration, lack in banding (laminations) – See Chapter Four.  
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Macroscopically, the lithic clasts are generally angular in shape throughout the 
impactite sequence (Figure 2.8; Table 2.7). The maximum size of lithic clasts 
measured within each subunit varies between approximately 7 and 28 cm and 
observations indicate a general increase in size with depth (Figure 2.9 A; Table 2.7). 
Individually, however, the sedimentary and metamorphic clasts increase in size with 
depth, from 4.02 to 9 cm and 4.94 to 27.70 cm, respectively (Figure 2.9 C and D; 
Table 2.7), whereas the igneous clasts show an evident decrease in clast size from 
approximately 1430 m depth (Figure 2.9 B; Table 2.7) from 9.60 to 4.00 cm.  
 
2.3.2.2 Microscopic Overview 
2.3.2.2.1 Mineral Clast Characteristics and Composition 
Microscopic point counting analysis shows that the mineral clasts, relative to the 
matrix, lithic and melt clast abundances throughout the impactite sequence, comprise 
53.5 vol% (Table 2.2), with quartz, feldspar (plagioclase and K-feldspar) and mica 
(biotite (including alteration of biotite to chlorite) and muscovite) comprising the 
highest abundances of 19.3, 23.2 and 9.5 vol%, respectively (Figure 2.5 A, B and C; 
Table 2.2), and minor contributions from accessory (epidote, zircon, garnet, tremolite, 
rutile and pyrite) minerals of 1.5 vol%, respectively (Table 2.2). The mineral clasts 
increase in abundance with depth from 50.1 to 58.4 vol% (Table 2.2), which is 
comparable to the observations made in the macroscopic study (Section 2.3.2.1.1). 
 
Quartz shows slight variations in abundance with depth, in general, it shows an 
increase in modal proportion from 16.2 to 23.7 vol%, whereas mica displays a 
negligible change with depth (Figure 2.4 C and G; Table 2.2). Feldspar shows a 
similar trend to quartz in the upper impactites, however, it decreases in overall 
abundance with depth from 23.3 to 23.1 vol% (Figure 2.4 C and G; Table 2.2). 
Accessory minerals (1.7 to 1.3 vol%), also decrease in abundance with depth (Table 
2.2, 2.3) 
 
Microscopically, the mineral clasts vary in shape in the upper impactites from sub-
rounded to sub-angular (Figure 2.5 A and C; Table 2.4). In the lower impactites, 
mineral clasts display more angular to elongated mineral shapes (owing to the 
abundance of quartz and micas; Figure 2.5 B; Table 2.4).  
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Figure 2.8: Hand specimen photographs (from J.W. Horton, pers. comm., 2008) of individual 
lithic clasts observed in the impactite sequence. A) Sample RG108, upper impactites (UI), sample 
depth (S.D) = 1453.16 m; calcite (Cc) present within fractures in a quartz pegmatoid clast; calcite 
also occurs as small pods (indicated by dashed circles). B) Sample RG94, lower impactites (LI), 
S.D = 1519.37 m; coarse-grained mica schist clast showing slight alteration (dashed circle), with 
evident horizontal foliation of mica (indicated by dashed arrows). C) Sample RG86, LI, S.D = 
1519.37 m; fine-grained, light grey granitoid clast situated in a dark grey-black matrix. D) 
Sample RG12, UI, S.D = 1397.51 m; fine-grained, light grey-brown, elongated siltstone (Sil) with 
fine-grained, black shale (Sh) clasts and an elongated, white-brown melt (M) clast. E) Sample 
RG98, UI, S.D = 1468.68 m; layered, black, fine-grained mafic gneiss (Mg) clasts surrounded by 
black shale (Sh) and white carbonate (C) clasts. F) Sample RG83, LI, S.D = 1532.75 m; fine-
grained, white to grey to black, angular quartz pegmatoid clast (indicated by dashed circle) with 
surrounding light grey, fine-grained felsic gneiss (Fg) clasts. Scale bar in cm.  
B 
C D 
E F 
Cc 
Sil 
Sh 
M 
Mg 
Sh C Fg 
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Kinking within phyllosilicate minerals was rarely observed in this study but has been 
reported from the basement section that lacks any distinctive shock features 
(Bartosova et al. 2009a; Gibson et al., 2009; Horton et al., 2009a; Townsend et al., 
2009). Kinking is not an unequivocal shock indicator and could equally be related to 
pre-impact tectonic deformation. Microscopically, the mineral clasts increase in size 
with depth (Figure 2.6 B) from 9.8 mm in the upper impactites to 11.9 mm in the 
lower impactites (Table 2.4). The possible sources of the mineral clasts from the 
impactite sequence are discussed in Chapter Three (Section 3.3.1 and 3.3.2).  
 
2.3.2.2.2 Lithic Clast Characteristics and Composition 
Microscopic (point counting) analysis indicates the average proportion of lithic clasts 
throughout the impactite sequence in relation to matrix, mineral and melt clast 
abundances is 18.9 vol% (Table 2.2), with an evident increase in abundance with 
depth from 17.5 to 20.8 vol% (Figure 2.4 A, B, E and F; Table 2.2), which is 
comparable to the macroscopic results. With regards to only the lithic clasts of the 
impactite sequence, metamorphic clasts are evidently more abundant than the 
sedimentary and igneous clasts with compositions of 9.7, 6.3 and 2.8 vol%, 
respectively (Table 2.2).  
 
Table 2.7: Maximum clast length (cm) and shape variation of lithic and melt clasts, based on 
detailed macroscopic analysis of each subunit of the impactite sequence from the Eyreville B drill 
core.  
        Maximum length (cm)       
Unit Depth (m) Ave length (cm) Ave shape Igneous Sedimentary Metamorphic Melt 
SU 1397.16 - 1402.02 5.1 S-A, S-R, R 4.2 4.0 4.9 7.3 
M2 1402.02 - 1407.49 5.2 S-A, S-R, R 5.5 4.9 5.7 4.5 
S3 1407.49 - 1432.26 7.0 S-A, S-R, R 9.5 5.2 10.1 3.2 
BC 1432.26 - 1433.78 8.2 A, S-A, R, S-R 14.8 4.6 6.5 7.1 
S2 1433.78 - 1450.22 7.3 S-A, S-R, R 8.5 4.9 6.3 9.6 
M1 1450.22 - 1451.22 7.6 A, S-A, R, S-R 12.1 5.9 8.0 4.5 
S1 1451.22 - 1474.05 9.8 S-A, S-R, R 9.3 8.3 8.3 13.2 
B5 1474.05 - 1480.23 8.7 A, S-A, R, S-R 11.0 4.7 8.0 11.0 
P4 1480.23 - 1486.11 8.1 A, S-A, R, S-R 8.3 6.0 11.2 7.1 
B4 1486.11 - 1503.94 9.5 A, S-A, R, S-R 8.0 6.7 16.9 6.3 
P3 1503.94 - 1512.81 12.2 A, S-A, R, S-R 7.9 9.0 27.7 4.1 
B3 1512.81 - 1521.56 10.7 A, S-A, S-R 10.7 6.5 25.8 0.0 
P2 1521.56 - 1537.75 6.3 A, S-A, R, S-R 6.5 5.5 9.5 4.0 
* Avg shape: A = angular; S-A = sub-angular; S-R = sub-rounded; R = rounded.  
 
Out of the total lithic clast composition, phyllite, shale, felsic gneiss, mica schist, 
mafic gneiss and granitoid contribute the highest abundances of 3.1, 2.6, 2.2, 2.1, 1.9 
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and 1.8 vol%, respectively (Table 2.2). With depth, the sedimentary clasts show an 
evident decrease, whereas the metamorphic and igneous components clearly increase 
in abundance from the upper to the lower impactites (Figure 2.4 A, B, E and F; Table 
2.2). 
 
With regards to the upper impactite unit, the sedimentary clasts show a higher 
abundance (8.4 vol%) in comparison to the metamorphic (6.7 vol%) and igneous (2.5 
vol%) clasts (Table 2.2). In general, shale (3.8 vol%), phyllite (2.3 vol%), granitoid 
(1.5 vol%), felsic gneiss (1.4 vol%), mica schist (1.4 vol%) and sandstone (1.3 vol%) 
comprise the most abundant lithic clasts in the upper impactites (Table 2.2). In the 
lower impactites, however, the metamorphic clasts show the highest abundance of 
14.0 vol%, with sedimentary and igneous clasts contributing 3.5 and 3.3 vol%, 
respectively (Table 2.2). Individually, phyllite (4.2 vol%), felsic gneiss (3.2 vol%), 
mica schist (3.2 vol%), mafic gneiss (2.8 vol%) and granitoid (2.2 vol%) comprise the 
dominant clasts within the lower impactite unit (Table 2.2). 
 
Microscopically, the lithic clasts generally vary widely in shape from highly angular 
to elongated to rounded throughout the impactite sequence (Table 2.4). The maximum 
size of lithic clasts measured microscopically is 8.3 mm in the upper impactites and 
10.7 mm in the lower impactites (Table 2.4). 
 
2.4 Microscopic and Macroscopic Observations throughout the Impactite 
Sequence  
Microscopic and macroscopic observations and data collected from core box, hand 
specimen and thin section analysis throughout the impactite sequence of the Eyreville 
B drill core are somewhat comparable but differ with regards to variation in clast 
abundance, size and shape. 
 
2.4.1 The Upper Impactite Unit, 1397.16 – 1474.05 m 
The upper impactites have been divided by Horton et al. (2009a) into the upper 
suevite (SU), clast-rich impact melt rock (M1, M2), suevite (S1, S2, S3) and the 
cataclastic gneiss boulder (BC) as shown in Figure 2.1a and Table 2.1. Transitions 
between the subunits are generally gradational, except for the sharp contacts between 
the S3 and BC subunits and the fragmented block between BC and S2 (Figure 2.10) 
M 
 72 
subunits, as well as the contact between the upper and lower impactites (Horton et al., 
2009a; Wittmann et al., 2009a). The sharp contacts reflect the sharp cataclastic gneiss 
boulder and block edges. 
 
 
 
 
        
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
Figure 2.9: Maximum clast size variations measured per subunit (through macroscopic analysis) 
on the long axis of the clasts throughout the impactite sequence (both upper and lower impactite 
units) of the Eyreville B drill core. A) All clasts. B) Igneous clasts. C) Sedimentary clasts. D) 
Metamorphic clasts.  
 
2.4.1.1 Upper Suevite (SU), 1397.16 – 1402.02 m 
The upper suevite (SU) subunit contains the lowest abundance (vol%) of mineral 
clasts (micro- and macroscopically) in comparison to the other subunits of the upper 
impactites (Figure 2.4 C, 2.7 D; Table 2.3, 2.6). Macroscopically, the minerals 
decrease in abundance (Figure 2.7 D; Table 2.6) into the clast-rich impact melt rock 
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(M2) subunit. The lithic clasts in general are primarily of sedimentary origin, with 
shale, sandstone and siltstone having the highest abundances (Table 2.6); however, 
phyllite, felsic orthogneiss and granitoid clasts are also present. 
 
 
 
Figure 2.10: Core box photograph (from Powars et al., 2006) of the relatively sharp contact 
relationship between the suevite (S3) and cataclastic gneiss boulder (BC; dashed vertical line) 
subunits as well as between the cataclastic gneiss boulder (BC) and suevite (S2; solid vertical line) 
subunits. Box 242, upper impactites, box depth = 1431.20 to 1434.10 m; matrix-supported suevite 
with white to light green-brown, elongated melt clast (M); elongated, white quartz (Qtz) and 
calcite (Cc) pods; The cataclastic gneiss block is slightly fragmented at contact with suevite (S2) 
subunit. Horizontal length of core box = 60.96 cm.  
 
Shale clasts were difficult to identify owing to the gross similarity with phyllite with 
regards to texture, size and colour, as both shale and phyllite display laminations and 
appear dark grey to black (Figure 2.2 A, B, C and D, 2.3 A and B). The lithic clasts, 
macroscopically, show a general increase in abundance into the M2 unit (Figure 2.7 
A, B and C; Table 2.6). Macroscopically, clasts measured are up to 7 cm in size 
(Figure 2.10 A; Table 2.7) and are generally sub-angular to elongated in shape (Figure 
2.8; Table 2.7).  
 
Microscopically, the matrix material in the upper suevite (SU) subunit is rather 
heterogeneous in terms of shape, size and mineral abundance (Figure 2.5 A, B and C; 
S3 
BC 
S2 
M 
Qtz 
Cc 
 74 
2.6 A; Table 2.3, 2.4). The proportion of matrix declines (Figure 2.4 D) gradually into 
the clast-rich impact melt rock subunit (M2). Both quartz and feldspar decrease in 
content into the M2 subunit, whereas mica shows an increase (Figure 2.4 C). 
Microscopically, the maximum and average clast size measured are 0.43 and 0.37 cm, 
respectively (Figure 2.6 B and C; Table 2.4), and the mineral clasts are generally sub-
angular to rounded in shape (Figure 2.5 A, B and C; Table 2.4). The upper suevites 
have the smallest overall mineral and lithic clast sizes in comparison to the other 
subunits of the upper impactites. This subunit is 4.86 m thick and shows a sharp 
contact with the clast-rich impact melt rock subunit (M2) at 1402.02 m. Core box and 
hand sample photographs of this unit are shown in Figures 2.2 A and 2.11 A.   
 
2.4.1.2 Clast-Rich Impact Melt Rock (M2), 1402.02 – 1407.09 m 
The clast-rich impact melt rock (M2) subunit consists of a greyish-black melt matrix 
that contains abundant mineral and lithic clasts and displays apparent flow structures 
(Figure 2.3 C). In general, the total percentage of mineral clasts is significantly higher 
than in the overlying subunit (Figure 2.4 C, 2.7 D; Table 2.2, 2.3, 2.5, 2.6), whereas 
the lithic clast abundance, except for mafic and felsic gneiss (Figure 2.7 C; Table 2.2, 
2.3, 2.5, 2.6), is lower relative to the other subunits of the upper impactite sequence. 
The lithic clasts are primarily of sedimentary and metamorphic origin, with shale and 
phyllite being most abundant (Table 2.2, 2.3, 2.5, 2.6).  
 
Macroscopically, clasts measured are up to approximately 6 cm in size (Figure 2.10 
A; Table 2.7) and are generally angular to sub-rounded in shape (Figure 2.8; Table 
2.7). This clast-rich impact melt rock subunit shows a gradational contact with the S3 
unit at 1407.09 m. Hand sample and core box photographs of this subunit are shown 
in Figures 2.3 C and 2.12 A.  
 
2.4.1.3 Suevite (S3), 1407.09 – 1432.26 m 
This suevite (S3) subunit is predominantly matrix-supported, becoming increasingly 
heterogeneous in terms of clast shape, size and composition with depth (Figure 2.2 B). 
Mineral clasts are dominated, micro- and macroscopically, by quartz and feldspar and 
show a definite increase in abundance from the overlying subunits (Figure 2.4 C, 2.7 
D; Table 2.2, 2.3, 2.5, 2.6). The lithic clasts are primarily of sedimentary and 
metamorphic origin with shale, phyllite, sandstone and felsic gneiss comprising the 
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highest abundances (Figure 2.7 A, B and C; Table 2.6). In general, the total 
percentage of lithic clasts is higher than in the overlying subunits (Figure 2.7 D; Table 
2.6).  
 
Micro- and macroscopically, the mineral clasts are generally more rounded in shape 
than the lithic clasts, however a variety of shapes from rounded to angular in the 
mineral clast population is shown (Figure 2.8; Table 2.3, 2.6). Macroscopically, 
maximum lithic clast sizes range from approximately 5 to 11 cm (Figure 2.9 A, B, C 
and D; Table 2.7). Towards the base of this 25.17 m thick subunit, the rock becomes 
more massive. It exhibits a sharp contact with the cataclastic gneiss boulder at 1432.26 
m (Figure 2.10). Figure 2.11 B and C show the strongly variable lithic clast content of 
this subunit.  
 
2.4.1.4 Cataclastic Gneiss Boulder (BC), 1432.26 – 1433.78 m  
This 1.52 m thick, yellowish-grey, monomict, poorly developed cataclasite is 
composed predominantly of fine- to medium-grained quartzo-feldspathic gneiss 
fragments with patches and pods of carbonate (Figures 2.10, 2.11 D). The dominant 
minerals in the gneiss are quartz, feldspar (both plagioclase and K-feldspar), biotite, 
muscovite and chlorite. A sharp contact with the S2 subunit at 1433.78 m is shown in 
Figure 2.10.  
 
2.4.1.5 Suevite (S2), 1433.78 – 1450.22 m 
The suevite (S2) is a clastic matrix-supported subunit that is 16.44 m thick, medium to 
dark grey-black in the upper portion and light grey in the lower parts (Figure 2.12 B). 
This subunit is composed of a variety of mineral (i.e., quartz, feldspar, mica and 
accessory mineral) and lithic clasts and blocks as shown in Figure 2.11 E. The 
proportion of matrix shows an apparent decline (Figure 2.4 D; Table 2.3) into the 
clast-rich impact melt rock (M1) subunit. Overall, this subunit contains the highest 
and lowest absolute percentages of mineral and lithic clasts, respectively, in 
comparison to the overlying subunits of the upper impactites (Figure 2.4 A, B and C, 
2.7 A, B, C and D; Table 2.3, 2.6). The subunit is dominated micro- and 
macroscopically by sedimentary, metamorphic and igneous clasts such as shale, 
phyllite, sandstone, felsic gneiss and granitoid (Figure 2.7 A, B and C; Table 2.3, 2.6).  
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Figure 2.11: Hand specimen photographs from subunits in the upper impactite sequence of the 
Eyreville B drill core. A) Sample RG12, upper suevite (SU), sample depth = 1397.15 m; dark grey 
to black matrix with small angular quartz (Qtz) inclusions and showing a contact (solid box) 
between light grey to white melt (M) and felsic gneiss (Fg) clast. B) Sample RG22 (wet sample), 
suevite (S3), sample depth = 1420.23 m; dominated by lithic clasts, quartz veins (Qtz) and melt 
clasts that are strongly aligned; dark grey to black, elongated mafic gneiss (Mg) and dark grey-
black, angular shale (Sh) and phyllite (P) clasts; light green-yellow, elongated claystone (Cly) and 
light to dark brown, altered melt (M) clasts. C) Sample RG25, suevite (S3), sample depth = 
1424.42 m; light to dark grey matrix, comprising predominantly lithic clasts with a few highly 
altered (to smectite), light yellow-brown melt (M; dashed ellipses) clasts; angular to elongated, 
black shale (Sh); light grey greywacke (Gw) clast; light grey to white, angular quartz (Qtz) and 
carbonate (C) clasts; and light grey, fine-grained felsic gneiss (Fg). D) Sample RG117, cataclastic 
gneiss (quartzo-feldspathic gneiss) boulder (BC), sample depth = 1436.81 m. Scale bar = 50 mm. 
Continued on next page. 
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Figure 2.11 (continued): E) Sample RG111, suevite (S2), sample depth (S.D) = 1450.07 m; light to 
dark grey clast-supported breccia containing a variety of mineral and lithic clasts with few melt 
clasts; light grey to black, angular shale (Sh) clasts; light grey to white, rounded sandstone (St) 
clasts; angular to rounded quartz (Qtz) clasts; angular, light grey silty claystone (Sc). F) Sample 
RG116 (wet sample), suevite (S2), S.D = 1439.01 m; clast-supported breccia comprising a variety 
of mineral and lithic clasts: light brown-black, subangular to rounded, foliated phyllite (P) clasts; 
light grey-brown, subrounded felsic gneiss (Fg; white rims are a drying effect) clasts; angular to 
sub-rounded quartz (Qtz) clasts. G) Sample RG110 (wet sample), clast-rich impact melt (M1), 
S.D = 1451.73 m; dark grey-black aphanitic melt matrix containing abundant lithic clasts with 
alteration (dashed circle): light to dark brown melt (M) clasts with flow textures; angular to sub-
rounded, light grey sandstone (St) clast with light brown, post-impact alteration around the 
edges; black, foliated phyllite (P) clast. H) Sample RG103 (wet sample), suevite (S1), S.D = 
1458.99 m; conglomerate clast with abundant quartz (Qtz) veins and clasts. Scale bar = 50 mm.  
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Macroscopically, clasts measured between 4.9 and 8.5 cm in maximum length (Figure 
2.9 A; Table 2.7). Mineral clasts are generally sub-angular to angular, whereas lithic 
clasts are sub-rounded to rounded in shape (Figure 2.11 F; Table 2.4, 2.7). A 
gradational contact with the M1 subunit at 1450.22 m is shown in Figure 2.12 B. 
 
2.4.1.6 Clast-Rich Impact Melt Rock (M1), 1450.22 – 1451.22 m 
Macroscopically, this 1 m thick subunit is composed of a dark grey to black aphanitic 
melt matrix that contains abundant clasts (Figure 2.11 G). The dominant mineral and 
lithic clasts observed within this subunit are quartz, feldspar, mica, felsic gneiss and 
phyllite, with minor shale, sandstone, granitoid and quartz pegmatoid (Table 2.3, 2.6). 
Figure 2.7 D shows an obvious decrease in mineral clast content within this subunit 
relative to other mineral clast abundances from the overlying subunits, whereas felsic 
gneiss, granitoid and quartz pegmatoid all increase in abundance relative to the lithic 
clast abundances of the overlying subunits from the upper impactites (Figure 2.7 A 
and C). 
 
Mineral clasts are generally rounded, whereas lithic clasts are predominantly angular 
(Figure 2.5, 2.8; Table 2.7). The maximum clast size measured ranges between 5.92 
and 12.05 cm (Table 2.6). The clast-rich impact melt rock (M1) subunit displays a 
sharp contact with the suevite (S1) subunit at 1451.22 m as shown in Figure 2.12 D.  
 
2.4.1.7 Suevite (S1), 1451.22 – 1474.05 m 
The S1 suevite subunit is 22.83 m thick and consists of a variety of mineral (i.e., 
quartz, feldspar and mica), lithic and melt clasts in a dark greyish-black, clast-
supported matrix (Figure 2.11 H). The lithic clasts are dominated by mica schist, 
phyllite, mafic and felsic gneiss, shale, granitoid and quartz pegmatoid (Figure 2.7 A, 
B and C; Table 2.3, 2.6). This subunit contains the highest total percentage of mineral 
and lithic clasts in the upper impactites (Figure 2.7 A, B, C and D; Table 2.6). 
Macroscopically, lithic clast sizes vary between 8.34 and 9.25 cm (Figure 2.9 A; 
Table 2.7). Mineral clasts are generally sub-rounded to sub-angular, whereas the lithic 
clasts are more sub-rounded to rounded (Figure 2.5, 2.11 H; Table 2.4, 2.7). This 
suevite subunit displays a sharp contact with the B5 (cataclastic gneiss block) subunit 
from the lower impactite unit at 1474.05 m (Figure 2.12 D). 
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Figure 2.12: Core box photographs (from Powars et al., 2006) of the suevite (S3, S2) and clast-
rich impact melt rock (M2, M1) subunits, which comprise a variety of mm- to cm-sized mineral, 
lithic and melt clasts. A) Box 234, upper impactites, box depth = 1407.63 to 1410.7 m; gradational 
contact between clast-rich impact melt rock (M2) and suevite (S3; solid vertical line) subunits at 
1407.09 m. Dark grey-black matrix-supported suevite with dark grey-black melt (M) clasts; light 
grey, elongated to rounded felsic gneiss (Fg) clasts and black, angular shale (Sh) clasts. B) Box 
248, upper impactites, box depth = 1448.11 to 1451.11 m; gradational contact between the suevite 
(S2) and the clast-rich impact melt rock (M1; solid vertical line) subunits at 1450.22 m. Matrix-
supported suevite with light brown to dark grey-black melt (M) clasts; light grey to black, 
angular shale (Sh); Horizontal length of core box = 60.96 cm. Continued on next page. 
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Figure 2.12 (continued): C) Box 249, upper impactites, box depth = 1451.11 to 1454.11 m; 
gradational contact between the clast-rich impact melt rock (M1) and the suevite (S1; solid 
vertical line) subunits at 1451.22 m. Light to dark grey matrix- to clast-supported suevite with 
light to dark grey-brownish-black melt (M) clasts with evident flow structures; dark grey, 
angular granitoid (G) and mafic gneiss (Mg) clasts; dark grey to black, angular to rounded 
phyllite (P) and shale (Sh) clasts; light grey, elongated felsic gneiss (Fg) clast with small veins of 
quartz. D) Box 256, upper impactites, box depth = 1471.12 to 1474.07 m; the sharp contact 
between the suevite (S1) and the cataclastic gneiss block (B5) subunits at the base of the box 
(1474.05 m) is not an obvious feature (solid vertical line). Dark grey, clast-supported suevite with 
dark grey to black, angular shale (Sh) and phyllite (P) clasts; light grey felsic gneiss (Fg) clast 
with white quartz veins; dark grey to black, altered melt (M) clasts. Horizontal length of core box 
= 60.96 cm.  
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2.4.2 Lower Impactite Unit, 1474.05 – 1537.75 m 
The lower impactite sequence has been divided by Horton et al. (2009a) into the 
cataclastic gneiss blocks (B5, B4, B3) and intervening polymict impact breccias (P4, 
P3, P2) as shown in Figure 2.1a and Table 2.1 (Horton et al., 2009a; see also 
Fernandes et al. 2008, Gohn et al. 2006a, Koeberl et al. 2007 and Wittmann et al. 
2009a).  
 
2.4.2.1 Cataclasite (Monomict) Gneiss Blocks 
These massive, well preserved, homogeneous subunits (B5: 1474.05 to 1480.23 m, 
6.18 m; B4: 1486.11 to 1503.94 m and B3: 1512.81 to 1521.56 m, 8.75 m) are fine-
grained and change from greenish-grey to bluish-grey with depth as shown in Figures 
2.13 A, B, C, D, E and F. Contacts between the cataclastic gneiss blocks and the 
polymict impact breccia subunits are always sharp. Overall, these cataclastic gneiss 
blocks show a high degree of brecciation, commonly show gneissic layering oblique 
to the core and are cut and displaced by fractures, which are generally filled with 
calcite and quartz (Figure 2.14 A, B and C). The maximum measured width of the 
calcite and quartz veins is approximately 4 cm (Table 2.7).  
 
2.4.2.2 Polymict (Lithic) Impact Breccia  
The polymict impact breccia subunits (P4: 1480.23 to 1486.11 m, 5.88 m; P3: 
1503.94 to 1512.81 m, 8.87 m; P2: 1521.56 to 1537.75 m, 16.19 m) have a mainly 
clastic matrix, which changes from greenish-yellow to dark grey-green to medium-
grey to dark grey with depth, as shown in Figure 2.13 B, C, D, E and F. The polymict 
impact breccia subunits generally contain less matrix material (i.e., < 0.3 mm) in 
relation to the overlying subunits of the upper impactite unit (Figure 2.4 H; Table 2.3).  
 
Micro- and macroscopically, the lithic breccias are distinguished in having the largest 
abundance of mineral clasts of any of the subunits in the impactite sequence. 
Microscopically, quartz shows a general increase in abundance with depth, whereas 
feldspar and mica contents decrease (Figure 2.4 G; Table 2.3). Macroscopically, 
however, feldspar displays an increase in abundance with depth, whereas quartz and 
mica contents decrease (Figure 2.7 D; Table 2.6). Overall, phyllite, felsic gneiss, mica 
schist and granitoid clasts (Figure 2.15 A, B and C) dominate the polymict impact 
breccia subunits (Figure 2.4 E and F, 2.7 A, B and C; Table 2.3, 2.6), whereas the 
M 
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sedimentary clasts such as shale and conglomerate comprise only minor amounts 
(Figure 2.4 E, 2.7 A; Table 2.3, 2.6). Micro- and macroscopically, mica schist, 
granitoid, felsic gneiss, quartz pegmatoid, phyllite and mafic gneiss all show an 
increase in abundance with depth, whereas shale and sandstone decrease (Figure 2.4 E 
and F, 2.7 A, B and C; Table 2.3, 2.6). The felsic gneiss clasts from the lower 
polymict impact breccias are very similar in lithology and texture to the lithology of 
the cataclastic gneiss blocks (see also Bartosova et al., 2009a; Horton et al., 2009a). 
 
Microscopically, clasts change in shape from sub-rounded to angular with depth 
whereas macroscopically, clasts are predominantly sub-angular to angular (Figure 
2.15 A, B and C; Table 2.4, 2.7). Macroscopically, clasts measured vary between 5.45 
and 27.7 cm (Figure 2.9 A; Table 2.7) and display a distinct coarsening in clast size 
with depth. Lithic clasts that are greater than 4 cm in size are typically fine-grained 
cataclastic gneiss, black shale, quartz pegmatoid, granitoid and conglomerate grit.  
 
Melt clasts and their characteristics (e.g., abundances, shapes and sizes) will be dealt 
with in detail in Chapter Four. 
 
2.5 Hydrothermal Alteration in the Impactite sequence 
Based on both micro- and macroscopic observations, the impactite sequence generally 
displays a variety of pre- and post-impact alteration and hydrothermal effects, which 
includes sericitization, chloritization, spherulitic devitrification of glass to 
phyllosilicates, fine- to coarse-grained, occurrence of mm to cm-sized carbonate, 
quartz and calcite veins (Figure 2.2 C, 2.3 B, 2.13 B, C and E, 2.15 B) and pods, as 
well as the alteration of melt clasts to secondary minerals such as smectite and 
zeolites (Figure 2.16 A, B, C and D). Overall, the upper impactites are altered to a 
larger degree than the lower impactites.  
 
2.5.1 Pre-impact Hydrothermal Alteration 
Pre-impact hydrothermal alteration effects, such a veins and pods of quartz and 
calcite, are common throughout the impactite sequence of the Eyreville B drill core 
but are most predominant in the cataclastic gneiss subunits.  
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Figure 2.13: Core box photographs (from Powars et al., 2006) of the lower impactite sequence, 
showing the cataclastic gneiss and polymict impact breccia subunits as well as the contacts 
between the gneiss blocks and polymict impact breccia. A) Box 258, cataclastic gneiss (B5) 
subunit, box depth = 1476.76 to 1479.87 m; fine-grained, greenish-grey, homogeneous cataclasite 
(monomict) gneiss with evident calcite veining (solid ellipses). Layering is oriented oblique to the 
core (dashed lines).  B) Box 259, lower impactites, box depth = 1479.87 to 1482.96 m; sharp 
contact between the cataclastic gneiss block (B5) and the polymict impact breccia (P4; solid 
vertical line) subunits at 1480.23 m. White calcite veining is evident in the cataclastic gneiss and 
disintegration of the graphite-rich lithic breccia (dashed circle) in the core is observed. Dark grey 
to black, angular phyllite (P) clasts are also present. Horizontal length of core box = 60.96 cm. 
Continued on next page.  
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Figure 2.13 (continued): C) Box 261, lower impactites, box depth = 1485.78 to 1488.90 m; sharp 
contact between the polymict impact breccia (P4) and the cataclastic gneiss block (B4; solid 
vertical line) subunits at 1486.11 m. Fine-grained, bluish-grey, homogeneous cataclasite 
(monomict) gneiss with evident brecciation (solid circle) and calcite veining. D) Box 267, lower 
impactites, box depth = 1503.27 to 1506.23 m; relatively sharp contact between the cataclastic 
gneiss block (B4) and the polymict impact breccia (P3; solid vertical line) subunits at 1503.94 m. 
Obvious cross-cutting quartz veining and oblique layering in the cataclastic gneiss section. Dark 
grey to black, angular phyllite (P) and shale (Sh); white to dark grey conglomerate grit (Cn) with 
cross-cutting quartz (Qtz) veins with calcite margins; light to dark grey, angular claystone (Cly); 
light grey, angular quartz pegmatoid (Qp) Horizontal length of core box = 60.96 cm. Continued 
on next page. 
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Figure 2.13 (continued): E) Box 270, lower impactites, box depth = 1511.6 to 1514.37 m; sharp 
contact between the polymict impact breccia (P3) and the cataclastic gneiss block (B3; solid 
vertical line) subunits at 1512.81 m. Fine-grained, bluish-grey, homogeneous cataclastic gneiss 
(Cg) with calcite and quartz veining. Large, light grey, angular quartz pegmatoid (Qp) clasts are 
present within the P3 subunit. F) Box 273, lower impactites, box depth = 1520.39 to 1523.39 m; 
sharp contact between the cataclastic gneiss block (B3) and the polymict impact breccia (P2; solid 
vertical line) subunits at 1521.56 m. Calcite veining and oblique layering occur in the highly 
brecciated cataclastic gneiss (B3) subunit. Dark grey to black, angular phyllite (P); dark to light 
grey, elongated siltstone (Sil) to conglomerate (Cn); light grey, elongated felsic gneiss (Fg). 
Horizontal length of core box = 60.96 m. 
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Figure 2.14: Hand specimen photographs from the cataclastic gneiss subunits in the lower 
impactite unit. A) Sample RG96, cataclastic gneiss (B5), sample depth = 1476.79 m; light to dark 
grey, fine-grained felsic gneiss with dark grey to black, laminated, angular shale (Sh) clasts; light 
yellow-brown, angular, altered melt (M) clast. B) Sample RG93, cataclastic gneiss (B4), sample 
depth = 1494.39 m; light to dark grey, obliquely layered (dashed lines), highly altered, monomict 
cataclastic gneiss (Cg), which contains a dark brown to black, elongated graphitic vein (solid 
circle). C) Sample RG86, cataclastic gneiss (B3), sample depth = 1519.37 m; light to dark grey, 
fine-grained cataclastic gneiss (Cg) with calcite and quartz veining. Scale bar = 50 mm.  
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Figure 2.15: Hand specimen photographs from the polymict impact breccia subunits in the lower 
impactite unit. A) Sample RG95, polymict impact breccia (P4), sample depth = 1476.79 m (wet 
sample); comprising light grey, fine-grained felsic gneiss (Fg); small, dark grey to black, angular 
phyllite (P) clasts as well as elongated quartz veins (Qtz) in the felsic gneiss. B) Sample RG91, 
polymict impact breccia (P3), sample depth = 1504.42 m; clast-supported polymict impact 
breccia containing a light brown-green, angular conglomerate grit (Cn) clast with a cross-cutting 
quartz vein (Qtz); dark grey black, angular laminated phyllite (P) in a dark grey matrix; light 
yellow-brown, altered melt (M) clasts. C) Sample RG85, polymict impact breccia (P2), sample 
depth = 1528.91 m; light grey, angular to elongated conglomerate grit (Cn) clasts in a light to 
dark grey matrix; light grey, angular felsic gneiss (Fg) and a highly angular, black phyllite (P) 
clast; light brown, elongated and layered silty claystone (Sc). Scale bar = 50 mm. 
 
The cataclastic gneiss in the impactite sequence and the basement is strongly 
deformed and was metamorphosed to mid-amphibolite grade prior to the impact event 
(Gibson et al., 2009; Townsend et al., 2009). Brecciation and alteration occurred after 
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the metamorphic peak but before the impact, as seen by the truncation of quartz and 
calcite veins at impactite clast edges.  
 
 
 
 
Figure 2.16: Altered melt clasts (now phyllosilicate, such as smectite) throughout the upper 
impactites from the impactite sequence of the Eyreville B drill core.  A) Sample RG11, upper 
suevite (SU), sample depth = 1396.03 m; light yellow to brown, elongated melt clast. B) Sample 
RG19, suevite (S1), sample depth = 1414.15 m; light white-brown, brecciated (cataclased) melt 
(M) clast with evident flow bands. C) and D) Sample RG20, suevite (S1), sample depth = 1417.41 
m; dark brown-green melt (M) clasts, displaying white rims (dashed circle) of chalcedony, and 
smaller, light white-yellow melt clasts (solid circles). Scale bar in cm.   
 
Overall, pre-impact minerals are seen to be either partially altered or completely 
replaced by secondary minerals: feldspar is replaced by sericite and biotite by chlorite 
(Figure 2.17 A and B). Phyllosilicate and secondary opaque (pyrite) minerals 
generally occur in patches as well as at the boundaries between clasts and the matrix 
(Figure 2.17 A and B). The same alteration has been observed in the basement 
lithologies (Gibson et al., 2009; Townsend et al., 2009) and the granite and 
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amphibolite megablock independent of impact-related features (Horton et al., 2009a, 
2009b; Wittmann et al., 2009a, 2009b; Vanko, 2009), supporting a pre-impact timing. 
 
 
 
Figure 2.17: Backscattered electron imagery of pre-impact alteration in matrix phases. A) 
Sample RG111, suevite (S2), upper impactites, sample depth = 1450.07 m; white to light grey to 
dark grey-black phyllosilicate and altered feldspar minerals. Scale bar = 100 µm. B) Sample 
RG22, suevite (S1), upper impactites, sample depth = 1420.23 m; light white-grey, angular to 
elongated altered biotite to chlorite (dashed circles). Scale bar = 90 µm.  
 
2.5.2 Post-impact Hydrothermal Alteration 
The impactite sequence shows a wide array of post-impact hydrothermal alteration 
effects, such as cross-cutting veins and patches of quartz and calcite as well as 
secondary phyllosilicate minerals (smectite), zeolites (Figure 2.18 A and B), 
secondary pyrite and other sulphides. Other post-impact minerals that have been 
observed in other studies in the impactite sequence are phillipsite, montmorillonite, 
chalcedony and chamosite (Bartosova et al., 2009a; Horton et al., 2009a; Vanko, 
2009). 
 
Overall, the upper impactites are considerably more altered than the lower impactites. 
The melt clasts in the suevite and lower polymict impact breccia subunits have been 
highly altered to smectite (which is the predominant cause of colour variations within 
these subunits; see Chapter Four) and more rarely to secondary carbonate. These 
observations are comparable to findings by Dypvik and Jansa (2003), Bartosova et al. 
(2009a) and Wittmann et al. (2009a). 
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Horton et al. (2006a) observed that post-impact chloritization and albitization were 
conspicuous in the crystalline-clast breccias of the basement-derived lower section. 
Amygdales filled with zeolites (identified by Horton et al., 2009a, 2009b) were also 
observed, predominantly within the melt-rich suevite subunits (not in the basement 
section; Figure 2.18 A and B). These minerals indicate low temperature (< 300°C) 
hydrothermal alteration (e.g., Chipera and Apps, 2001; Osinski, 2005; Horton et al., 
2009a, 2009b). 
 
  
 
Figure 2.18: A) Hand specimen (sample from Horton et al., 2009b) scale bar in cm, and B) core 
box (from Powars et al., 2006) photographs of a melt cavity filled with dark red zeolite. Box 233, 
clast-rich impact melt rock (M2), box depth = 1404.76 to 1407.63 m, sample depth = 1405.83 m. 
Horizontal length of core box = 20.23 cm.   
 
2.6 Petrography - Comparison with other Authors 
Quantitative and qualitative petrographic data collected for the impactite sequence of 
the Eyreville B drill core in this study can be compared to those of the detailed 
petrographic descriptions of the impactite sequence by Bartosova et al. (2009a, 
2009b), Horton et al. (2009a, 2009b) and Wittmann et al. (2009a, 2009b). Horton et 
al. (2009a) and Wittmann et al. (2009a) used the same lithological and stratigraphic 
subdivisions of the impactite sequence as used here (Figure 2.1; Table 2.1), whereas 
Bartosova et al. (2009a) subdivided the impactite sequence into U1 to U6 subunits 
(Figure 2.19). All three studies noted a similar mineralogy dominated by quartz, 
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feldspar and mica, with accessory (including opaque) minerals, and a variety of 
igneous, sedimentary and metamorphic clasts similar to those described in this study. 
 
For the upper impactite unit, the studies of Bartosova et al. (2009a), Horton et al. 
(2009a) and Wittmann et al. (2009a) confirm the predominance of sedimentary clasts, 
generally less than 4 cm in size, and especially abundant in the upper suevite (SU) 
subunit, as noted in this study. According to Wittmann et al. (2009a), approximately 
30 vol% of sedimentary clasts are greater than 4 cm in the upper impactites, whereas 
this study shows approximately 20.8 vol% of the sedimentary clasts are greater than 4 
cm in the upper impactites. Microscopically, Wittmann et al. (2009a) observed that 
throughout the impactite sequence, the matrix amounts to between 24 and 46 vol%, 
which is significantly different from the range of 19.8 and 23.5 vol% observed in this 
study. Bartosova et al. (2009a) stated that the matrix contributes 34 vol%, on average.   
 
This study is focused on both micro- and macroscopic observations whereas, 
Bartosova et al. (2009a) and Wittmann et al. (2009a) focused primarily on 
microscopic features; thus, the differences in these percentages could be as a result of 
this study concentrating less on microscopic analysis than Bartosova et al. (2009a) 
and Wittmann et al. (2009a). Within the lower impactite unit, the paucity of melt 
clasts and clast-supported nature of the breccias noted in this study was confirmed by 
Bartosova et al. (2009a), Horton et al. (2009a) and Wittmann et al. (2009a). 
Metamorphic clasts, generally greater than 4 cm in size, are predominant in the lower 
impactites, which is comparable to the observations noted by Bartosova et al. (2009a), 
Horton et al. (2009a) and Wittmann et al. (2009a). 
 
Overall, Bartosova et al. (2009a) found that the sedimentary clasts are dominant in 
most subunits, contributing approximately 26 vol% throughout the impactite 
sequence. This study noted that sedimentary clasts contribute 6.3 vol% 
(microscopically) and 20.8 vol% (macroscopically), respectively, throughout the 
impactite sequence, but that they are far less dominant in the lower impactites. 
Bartosova et al. (2009a) suggested that the sedimentary clasts occur in roughly the 
same proportion throughout the impactite sequence, which disagrees with this study 
as well as the observations of Horton et al. (2009a) and Wittmann et al. (2009a). 
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Figure 2.19: Bartosova et al.’s (2009a) geologic column (modified from Horton et al., 2009a) of 
the impact breccia section from the Eyreville B drill core.  
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This study, as well as Horton et al. (2009a) and Wittmann et al. (2009a), showed that 
the crystalline clasts (mainly metamorphic clasts) increase in abundance with depth 
and become far more abundant in the lower impactites than the sedimentary clasts. 
Bartosova et al. (2009a) showed that siltstone and mudstone together contribute the 
highest abundance of 13 vol% of clasts. In comparison, this study showed that phyllite 
contributes the highest individual abundance with 16.3 vol% (microscopic) and 17.5 
vol% (macroscopic), respectively. All authors agree that the igneous clast abundance 
is significantly lower relative to that of the other lithologies.  
 
2.7 Summary 
All 65 samples of suevite, impact melt rock, polymict impact breccia and cataclastic 
gneiss from the impactite sequence of the Eyreville B drill core were analysed 
microscopically (through thin section observations) and macroscopically. Of these, 29 
samples from various subunits throughout the impactite sequence were then selected 
for detailed point counting and SEM analysis. The purpose of this study was a 
detailed petrographic analysis of the upper and lower impactite units of the impactite 
sequence with regards to the characteristics and abundances of the matrix and mineral 
and lithic clasts.  
 
The impactites comprise predominantly suevites and so-called polymict impact 
breccias with small melt-rich intervals (impact melt rock) and blocks of monomict 
cataclastic gneiss. The blocks contain brecciation that has been interpreted as being of 
pre-impact origin (Gibson et al., 2009). With depth, the impactite sequence shows a 
visible change in colour from light to dark greyish-brown and from matrix- to clast-
supported. This change in colour is related to levels of post-impact alteration. The 
upper impactites display a higher abundance of matrix in comparison to the lower, 
more lithic clast-rich impactites. The upper impactites consist of alternating suevite, 
impact melt rock and cataclastic gneiss, whereas the lower impactites alternate 
between cataclastic gneiss and polymict impact breccia. The upper impactites are 
melt-rich, whereas the lower impactites have much lower melt clast abundance (see 
Chapter Four).  
 
A summary of the lithic clast components indicates that 1) the igneous clasts include 
coarse-grained granitoid and quartz pegmatoid, with rare dolerite; 2) the sedimentary 
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clasts are predominantly composed of siliciclastics (such as shale, sandstone, siltstone, 
silty claystone, arkose and conglomerates), and 3) metamorphic clasts are composed 
of mica schists of amphibolite grade, coarser-grained crystallized felsic and mafic 
orthogneiss and fine-grained, layered phyllite and slate. Only a subset of these rocks 
has been found in the underlying basement-derived section and megablocks 
(granitoid, pegmatoid, mica schist, amphibolite/mafic orthogneiss). 
 
In the upper impactite section, sedimentary clasts are dominant. However, the upper 
impactites contain not only sedimentary clasts but a variety of other lithic and melt 
clasts (see Chapter Four), of mainly smaller size (< 4 cm). In the lower impactites, a 
variety of lithic clasts were observed, with a predominance of crystalline (mainly 
metamorphic) clasts. Cataclastic gneiss blocks were also noted. The presence of these 
cataclastic gneiss blocks and the overall increase in proportion of crystalline clasts 
suggests a more autochthonous nature of the materials in the lower impactites (see 
Chapter Six; Horton et al. 2009a; Gibson et al., 2009; Wittmann et al., 2009a). In 
general, clast sizes increase with depth and change in shape from predominantly 
rounded to sub-rounded in the upper impactites to sub-angular to angular in the lower 
impactites. 
 
The impactite sequence shows a variety of hydrothermal and alteration effects such as 
chloritization, sericitization, quartz and calcite veins and pods as well as alteration of 
melt clasts. Alteration is predominantly observed in the upper impactite unit.  
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Chapter Three: Geochemical analysis of the Impactite Sequence from the Eyreville 
B drill core 
 
3.1 Introduction 
Geochemical analysis is a useful tool for determining impactite provenance and the 
degree of mixing of target rocks in the impactite sequence (Koeberl et al., 2007). Twenty 
selected samples, from each of the subunits (suevite, impact melt rock, cataclastic gneiss 
and polymict impact breccia) of the impactite sequence of the Eyreville B drill core, were 
subjected to major and trace element, including rare earth element (REE), geochemical 
analysis. This study was carried out through defocused beam electron microprobe 
analysis (EMPA) to obtain quantitative major element data on the matrix and small clasts 
that could not be analysed by bulk compositional techniques, X-ray fluorescence (XRF) 
spectrometry to determine both major and trace element compositions, and inductively 
coupled plasma-mass spectrometry (ICP-MS) to determine the REE signatures of the 
samples. Other geochemical studies of impactites from the CBIS, including the Exmore 
breccia, the granitic and amphibolite megablocks and the basal crystalline section of the 
Eyreville B drill core have been reported by Poag et al. (2004), Horton and Izett (2005a), 
Koeberl et al. (2006), Bartosova et al. (2009b), Gibson et al. (2009), Horton et al. 
(2009b), Reimold et al. (2009), Schmitt et al. (2009), Townsend et al. (2009) and 
Wittmann et al. (2009b). 
 
3.2 Methodology 
The 20 selected samples were collected between the depths of 1396 and 1532.75 m and 
include 17 suevite, 1 impact melt rock, 1 cataclastic gneiss and 4 polymict impact breccia 
samples. Samples from each of the subunits were selected in order to obtain a 
representative data set covering the entire impactite sequence, based on the macroscopic 
and microscopic analysis described in Chapter 2. Samples for whole-rock chemical 
analysis by other authors such as Bartosova et al. (2009b), Horton et al. (2009b), Schmitt 
et al. (2009) and Wittmann et al. (2009b) ranged from 7 to 174 samples, with the most 
comprehensive dataset compiled by Schmitt et al. (2009), which included samples 
obtained by other groups. Electron microprobe analysis was performed at the Museum of 
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Natural History in Berlin, Germany (a JEOL JXA 8800 machine, with four wavelength-
dispersive spectrometers, operated at 15kV voltage with a beam current and diameter of 
15 nA and 10 µm, respectively, was used) and at the University of Pretoria, Pretoria, 
South Africa (Cameca SX-100 machine, with four wavelength-dispersive spectrometers, 
operated at 15kV voltage with a beam current and diameter of 15 nA and 10 µm, 
respectively, was used). Initially, matrix or clasts that were going to be analysed by 
EMPA were identified and circled on the thin section sample using a water-resistant 
marker. The thin section samples were then carbon coated, mounted and placed in the 
electron microprobe. The circled matrix areas or clasts were then selected manually and 
the coordinates were entered into the computer. Table 3.1 displays the major element 
composition of the USGS and Smithsonian glass standards used for the microprobe data 
at the University of Pretoria and at the Museum of Natural History in Berlin, respectively. 
 
The major and trace element analyses were carried out on a PW 1400 X-ray fluorescence 
spectrometer, using a rhodium X-ray tube run at 50 kV and 50 mA, at the Earth Lab, 
School of Geosciences, University of the Witwatersrand. Standards used for the major 
and trace element analysis were NIM-D (dunite), NIM-G (granite), NIM-N (norite), 
NIM-S (syenite) and MICA-FE (biotite). For major element analyses, samples between 
0.2 and 1 kg mass were collected. Accuracies for the analysed major elements (all in 
wt%) are: SiO2 [0.5]; Al2O3 [0.1]; Fe2O3 [0.05]; MgO [0.05]; CaO [0.05]; Na2O [0.05] 
and K2O [0.05]; TiO2 [0.01]; MnO [0.01] and P2O5 [0.01], and for trace elements (all in 
ppm): Ba [30]; Cu [25]; Zn [25]; Rb [5]; Sr [5]; Y [5]; Zr [5]; Nb [5]; Co [5]; Ni [5]; V 
[5] and Cr[5]. Analytical precisions are shown in Table 3.2.  
 
For bulk rock analysis, representative slabs of approximately 100 g were first cut from 
the core sample, crushed into smaller pieces and then milled to a powder (after pre-
contamination of crushing instruments with the sample powder), using an agate mill. 
Fusion discs (for major element analysis) were made by using 1.3 g of each sample with 
1.5 g flux (a mixture of lithium tetraborate, lithium carbonate and lanthanum oxide) and 
the oxidising agent, sodium nitrate. Pressed powder pellets (for trace element analysis) 
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were prepared by combining the sample powder with glue (Mowiol 40-88 TM) in 
aluminium cups.  
 
Inductively coupled plasma-mass spectrometry analysis was performed at the Earth Lab, 
School of Geosciences, University of the Witwatersrand. Trace element compositions of 
standards used for the ICP-MS analysis are shown in Table 3.3.  
 
Table 3.1: Major element compositions of the USGS and Smithsonian standards used for the electron 
microprobe analysis at the University of Pretoria in South Africa and at the Museum of Natural 
History in Berlin, Germany, respectively (P. Graser, pers. comm., 2008; L. Hecht, pers. comm.., 
2007). 
 USGS Glass USGS Glass USGS Glass USGS Glass USGS Glass USGS Glass Std    
 Test 1 (wt%) Test 2 (wt%) Test 3 (wt%) Test 4 (wt%) Test 5 (wt%) Test 6 (wt%) Dev* 
SiO2 53.04 52.85 52.51 52.85 53.03  52.85 0.19 
Al2O3 17.71 17.52 17.80 17.52 17.80 17.52 0.14 
FeO 8.91 8.81 8.89 8.81 8.94 8.81 0.06 
MgO 4.01 4.40 4.15 4.40 4.11 4.40 0.18 
CaO 7.13 7.05 7.13 7.05 7.07 7.05 0.04 
Na2O 3.03 2.99 2.87 2.99 3.08 2.99 0.07 
K2O 1.57 1.70 1.58 1.70 1.60 1.70 0.06 
TiO2 1.05 1.09 1.08 1.09 1.12 1.09 0.02 
P2O5 0.26 0.25 0.30 0.25 0.26 0.25 0.02 
MnO 0.20 0.22 0.25 0.22 0.19 0.22 0.02 
        
 Basalt Basalt Basalt Tektite Tektite Tektite Std    
 Test 1 (wt%) Test 2 (wt%) Test 3 (wt%) Test 4 (wt%) Test 5 (wt%) Test 6 (wt%) Dev* 
SiO2 50.11 50.38 50.49 74.83 74.73 74.77 13.39 
Al2O3 13.48 13.49 13.56 10.75 10.84 10.81 1.49 
FeO 11.57 11.80 11.62 4.92 4.80 4.87 3.73 
MgO 6.98 6.96 6.85 1.59 1.52 1.50 2.95 
CaO 10.78 10.63 10.86 2.31 2.59 2.65 4.52 
Na2O 2.86 2.87 2.87 1.01 0.94 0.92 1.05 
K2O 0.22 0.23 0.21 1.91 1.85 1.86 0.90 
TiO2 1.83 1.82 1.81 0.54 0.53 0.48 0.72 
MnO 0.26 0.23 0.25 0.09 0.11 0.20 0.07 
 
       * Std Dev = Standard deviation. 
 
A standard (WITS-1 reference material, McDonald and Viljoen, 2006) was used and a 
blank assay was prepared from silica powder for ICP-MS data. Samples were heated with 
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copper sulphide (CuS) for approximately 90 minutes once the furnace reached 1050 ºC, 
and were then removed and allowed to cool overnight. The crucibles were then broken 
and a sulphide bead was taken out. The mass of each bead was then determined and the 
beads were subjected to acid digestion in order to remove the nickel and copper. The 
beads were then placed into water-filled beakers, covered with watch glasses and placed 
inside the fume cupboard. Each beaker was then placed on a halogen hotplate and 150 ml 
of concentrated HCl was added. At the completion of this reaction, approximately 100 ml 
of cold de-ionised water was added.  
 
Table 3.2: Analytical precision for major and trace element analysis obtained by XRF at the 
University of the Witwatersrand (S. Farrell-Turner, pers. comm., 2008).  
Major  Standard Absolute Relative  Standard 
Element Deviation Error (%) Error (%) Range (wt%) 
SiO2 0.36 0.06 -0.09 34.40 - 76.31 
TiO2 0.07 -0.04 13.7 0.00 - 2.69 
Al2O3 0.07 0.07 1.3 0.30 - 30.04 
Fe2O3 0.09 -0.03 -3.7 0.09 - 26.65 
MnO 0.01 -0.009 4.8 0.01 - 0.35 
MgO 0.18 -0.05 -6.1 0.03 - 43.18 
CaO 0.04 0.003 0.2 0.11 - 16.03 
Na2O 0.13 -0.05 -6.8 0.04 - 6.57 
K2O 0.07 0.005 -5.6 0.01 - 15.40 
P2O5 0.02 -0.02 14.2 0.01 - 1.40 
LOI 0.26 -0.21 7.1   
Total 0.58 -0.18 0.2   
     
Trace Standard Absolute Relative LLD (ppm)* 
Element Deviation 
Error 
(ppm) Error (%)   
V 9 -3.8 -12.7 12 
Cr 7 0.7 5.2 12 
Co 2 0.7 -10.7 6 
Ni 2 0.6 -9.3 6 
Cu 5 1.9 -0.3 6 
Zn 2 2.8 -6.2 6 
Rb 2 1.0 -1.9 3 
Sr 2 1.3 0.4 3 
Y 2 -0.7 -3.7 3 
Zr 3 4.3 1.2 8 
Nb 1 -2.4 -8.5 3 
Ba 7 12.0 3.1 20 
 
                         * LLD = Lower limit of detection. 
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Table 3.3: Trace element and rare earth element (REE) concentrations of standards used for ICP-
MS analysis at the University of the Witwatersrand, Johannesburg (A. Wilson, pers. comm., 2010). 
Element BCR-1 (ppm) BHVO-1 (ppm)    
P 1571 1191    
Sc 32.6 31.8    
Ti 13428 16246    
V 407 317    
Cr 16 289    
Co 37 45    
Ni 13 121    
Cu 19 136    
Ga 22 21    
As 0.65 0.4    
Rb 47.2 11    
Sr 330 403    
Y 38 27.6    
Zr 190 179 Physical limits of detection for ICP-MS: 
Nb 14 19 is 1 ppb to 1 ppt for each element 
Ba 681 139    
Cs 0.96 0.13    
La 24.9 15.8 ICP-MS has less than 1% error, as data is 
Ce 53.7 39 corrected all the time against certified 
Pr 6.8 5.7 reference material  
Nd 28.8 25.2    
Sm 6.59 6.2    
Eu 1.95 2.06    
Gd 6.68 6.4    
Tb 1.05 0.96    
Dy 6.34 5.2    
Ho 1.26 0.99    
Er 3.63 2.4    
Tm 0.56 0.33    
Yb 3.38 2.02    
Lu 0.51 0.29    
Hf 4.95 4.38    
Ta 0.81 1.23    
W 0.44 0.27    
Pb 13.6 2.6    
Th 5.98 1.08    
U 1.75 0.42    
 
Once the solutions had cooled, 1 ml of tellurium chloride stock solution and 3 ml of tin 
chloride solution was added. The beakers were once again covered with a watch glass and 
heated for another 45 to 60 minutes. The solution was then cooled and filtered through 
0.45 µm-sized membrane filters. The filtrate was then washed with de-ionized water and 
the samples were run through the ICP-MS.  
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Melt clast geochemistry will be dealt with in Chapter Four owing to the large volume of 
data obtained through EMPA analysis.   
 
3.3 Major Element Compositions 
Table 3.4 shows the mean values and standard deviations of the major element oxides for 
the various subunits of the impactite sequence (refer to Chapter Two, Section 2.1 and 
Figure 2.1 for the detailed lithological subdivisions of the impactite sequence). All major 
element data are available in Appendix 2a.  
 
Table 3.4: Mean and standard deviation for the major element oxide abundances for the upper 
suevite, suevite, impact melt rock, cataclastic gneiss and polymict impact breccia in the impactite 
sequence of the Eyreville B drill core (data in wt%). 
  Upper   Suevite  Impact  Cataclasite Polymict  
  suevite      melt rock Gneiss impact breccia  
  (mean) (std dev*) (mean) (std dev*)     (mean) (std dev*) 
  n = 2   n = 12   n = 1 n = 1 n = 4   
SiO2 67.65 8.32 68.96 5.79 70.86 65.04 63.11 4.59 
TiO2 0.77 0.16 0.76 0.25 0.85 0.90 0.95 0.05 
Al2O3 14.20 2.50 12.76 3.49 13.29 15.67 15.41 2.36 
Fe2O3 4.24 0.59 5.42 1.28 5.91 6.73 6.76 1.24 
MnO 0.07 0.00 0.08 0.02 0.09 0.08 0.10 0.02 
MgO 1.59 0.52 1.27 0.45 1.59 2.97 2.03 0.54 
CaO 0.72 0.40 1.27 0.32 0.91 0.84 1.25 0.20 
Na2O 1.91 0.83 1.36 0.62 0.75 1.10 1.04 0.30 
K2O 2.89 1.09 2.45 0.94 2.24 3.61 4.04 1.39 
P2O5 0.12 0.04 0.13 0.02 0.15 0.12 0.13 0.03 
LOI 6.53 6.00 5.53 1.97 4.10 3.22 5.46 1.00 
 
n = number of samples; 
* std dev = standard deviation 
 
Plots to show the overall variability of the major element oxide abundances against depth 
are shown in Figure 3.1. SiO2 and Na2O (Figure 3.1A, G) display a slight decrease, 
whereas TiO2, Fe2O3 and MgO (Figure 3.1B, D, E) increase slightly, with increasing 
depth. Al2O3, CaO and K2O (Figure 3.1C, F, H) show no significant trend with depth. 
The average SiO2 and Na2O contents (Figure 3.1A, G; Table 3.4) for the entire impactite 
sequence suggest an upper Si- and Na-rich section above ~ 1440 m and a lower Si- and 
Na-poor section. The enrichment of Na2O between 1408 and 1452 m (Figure 3.1H) is 
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comparable to the results of Schmitt et al. (2009). The Na2O content of the uppermost 
section (2 wt%; Figure 3.1G; Table 3.4) is approximately double that of the lower 
impactites (1 wt%, below ~ 1440 m). With regards to the other major element oxides, the 
uppermost impactites are TiO2-, Al2O3-, Fe2O3-, MgO- and K2O-poor relative to the 
lower impactites (Figure 3.1; Table 3.4).  
 
From Figure 3.1, it can be seen that SiO2, TiO2, Al2O3 and CaO display high and low 
outliers in samples RG26 (suevite (S3) subunit; Appendix 2a) and RG98 (suevite (S1) 
subunit; Appendix 2a). MgO and K2O show high outliers in samples RG93 (cataclastic 
gneiss (B4) subunit; Appendix 2a) and RG88 (polymict impact breccia (P3) subunit; 
Appendix 2a), respectively. RG26 and RG98 display high SiO2 and CaO values and low 
TiO2 and Al2O3 values. These outliers are highly altered, melt-rich samples that lack in 
feldspar and oxide minerals (see Sections 2.3.2.1 and 2.3.2.2; Table 2.2, 2.5). RG93 is a 
cataclastic gneiss sample, showing a high MgO value, whereas RG88, which displays 
high K2O values, is dominated by felsic gneiss, carbonate, quartz, oxide minerals and 
black melt clasts. 
 
Selected major element oxide data were plotted against SiO2 in order to examine the 
variability in major element oxides within the impactites (Figure 3.2). In general, the 
Harker diagrams show negative linear correlation of Al2O3 and Fe2O3 (Figure 3.2A, B, C, 
D) versus SiO2, whereas CaO and K2O (Figure 3.2E, G) show no significant correlation, 
with a wide variability in values, which is comparable to data by Schmitt et al., 2009. A 
slight positive correlation exists between Na2O (Figure 3.2F) and SiO2.  
 
3.3.1 Upper Impactites (1396.03 – 1474.05 m) 
The upper impactite section includes the upper suevite (SU), suevite (S1, S3) and the 
impact melt rock (M1) subunits. The SiO2 content shows a mean of 67.65 wt% (Table 
3.4) for the upper suevite, a mean of 68.96 wt% for the suevite, and a value of 70.86 wt% 
for the impact melt rock. Figure 3.1A shows a steadily decreasing SiO2 content with 
increasing depth throughout the impactite sequence. The suevite (S1) subunit shows a 
similar SiO2 range to that of the lower impactites (Figure 3.1A; Table 3.4; Appendix 2a). 
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♦ Upper suevite □ Suevite 
▲ Impact melt rock ∆ Cataclastic gneiss 
■ Polymict impact breccia 
 
 
Figure 3.1: Variations in concentrations (in wt%) of major element oxides with depth (in metres) in 
the Eyreville B drill core. Data for samples of upper suevite (SU), suevite (S1, S2, S3), impact melt 
rock (M1, M1), cataclastic gneiss (B5 – B2) and polymict impact breccia (P4 – P2) have been plotted. 
The geologic column according to Horton et al. (2008), is shown on the right side. Dotted lines 
represent calculated regression curves. 
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The Na2O abundances range from 0.34 to 2.57 wt% (Table 3.4; Appendix 2a) and show 
slight variations with depth (Figure 3.1 G). The Na2O content of the upper impactites 
(Figure 3.2F) shows a positive correlation with SiO2 but displays a large amount of 
scatter. TiO2, Al2O3, Fe2O3 and MgO contents of the lower (S1) suevite subunit vary 
within similar ranges to those of the lower impactites and all show a positive correlation 
with depth (Figure 3.1B, C, D and E; Table 3.4; Appendix 2a).  
 
The TiO2 content shows a mean of 0.77 wt% for the upper suevite, a mean of 0.76 wt% 
for the suevite, and a value of 0.85 wt% for the impact melt rock (Table 3.4; Appendix 
2a). TiO2 displays a good, positive correlation with Fe2O3 (Figure 3.3A). This suggests 
that Fe2O3 is dominantly sourced from Fe-Ti minerals such as biotite and ilmenite, rather 
than sulphides, in agreement with petrographic observations made on the basement 
section by Gibson et al. (2009) and Townsend et al. (2009). Al2O3 abundances show a 
negative correlation with SiO2 (Figure 3.1C), with values ranging from 4.51 to 16.81 wt% 
(Table 3.4; Appendix 2a). Fe2O3 content displays a slight increase with depth (Figure 
3.1D).  
 
MgO contents show a weak, positive correlation with Fe2O3 values (Figure 3.3B) 
suggesting that ferromagnesian silicate minerals such as biotite, chlorite and amphibole 
are the main source of Fe2O3. MgO abundances vary between 0.30 and 1.96 wt% (Table 
3.4; Appendix 2a). TiO2, Fe2O3 and MgO (Figure 3.2A, C and D) all display negative 
correlations with SiO2 for the upper impactites, with Al2O3 and Fe2O3 showing minimal 
scatter (Figure 3.2B and C), whereas TiO2 and MgO (Figure 3.2A and D) both show a 
fair amount of scatter. The CaO content (Figure 3.1F, 3.2E; Table 3.4; Appendix 2a) is 
highly variable, with a large amount of scatter with values ranging from 0.44 to 2.06 wt% 
(Table 3.4; Appendix 2a). The low values obtained for CaO (Table 3.4; Appendix 2a) 
confirm a general lack of carbonate or calcic plagioclase in the upper impactites, noted 
during petrographic observations (carbonate veins were avoided in the analysis; see 
Chapter Two, Section 2.4.1). In general, CaO values are comparable to the lower 
impactites (Figure 3.1F; Table 3.4; Appendix 2a). 
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Figure 3.2: Harker diagrams of the contents of the major element oxides TiO2, Al2O3, Fe2O3, MgO, 
CaO, Na2O and K2O (compared to the data of Schmitt et al., 2009 for the basement granite (blue) 
and mica schist (orange)) plotted versus SiO2, for the upper suevite (above 1402 m), suevite (1402 –
1474 m), impact melt rock, cataclastic gneiss and polymict lithic breccia (below 1474 m).  
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The K2O abundances range from 0.20 to 3.66 wt% (Figure 3.1H; Table 3.4; Appendix 
2a); with the upper (S3) suevite subunit values comparable to those of the lower 
impactites (Figure 3.1H). K2O values (Figure 3.2G) display a wide variability. A plot of 
K2O versus Na2O values (Figure 3.3 C) displays a large amount of scatter with no 
correlation, which would suggest multiple sources of these oxides, such as K-feldspar, 
sodic plagioclase and micas (see Chapter Two, Sections 2.3.1, 2.3.2 and 2.3.3).  
 
3.3.2 Lower Impactites (1474.05 – 1532.75 m) 
The lower impactite section includes analyses of the cataclastic gneiss block (B4) and the 
polymict impact breccia (P2, P3) subunits. The SiO2 content (Figure 3.1A; Table 3.4; 
Appendix 2a) shows a negative correlation with depth, with abundances ranging from 
56.27 to 65.99 wt%, which is comparable to those values of the lower (S1) suevite 
subunit in the upper impactite section. The Na2O abundance ranges from 0.63 to 1.32 
wt% (Table 3.4; Appendix 2a) and increases with depth (Figure 3.1G). The Na2O content 
of the lower impactites (Figure 3.2F) displays a slight positive correlation with SiO2. 
Al2O3 (Figure 3.1C) correlates negatively with SiO2 for the lower impactites, increasing 
with depth, with values ranging from 13.86 to 18.93 wt% (Table 3.4; Appendix 2a).  
 
TiO2, Fe2O3, MgO and K2O all show increasing abundance with depth and comparable 
values (Table 3.4; Appendix 2a) to those of the lower (S1) suevite subunit in the upper 
impactites (Figure 3.1B, D, E and H). The Fe2O3 content varies between 5.54 and 8.45 
wt% (Table 3.4; Appendix 2a) and correlates positively with the MgO values (Figure 
3.1D; 3.3B). The K2O values (Figure 3.1H; Table 3.4; Appendix 2a) range from 3.07 to 
6.05 wt%, showing a fair amount of scatter and no definitive correlation with Na2O 
(Figure 3.3C). TiO2 and MgO (Figure 3.2A and D) show a wide variability in abundances 
in the lower impactites. K2O displays no correlation with SiO2 in the lower impactites 
(Figure 3.2G). CaO abundances (Figure 3.1F; Table 3.4) vary mainly between 0.84 and 
1.43 wt% and display no correlation with SiO2 content (Figure 3.2E). Overall, the bulk 
rock compositions in the upper and lower impactites are only slightly different (Figure 
3.1, Table 3.4, Appendix 2a), but there are consistent trends with depth among some of 
the data that suggest varying proportions of contributing lithologies. 
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Figure 3.3: Bulk rock Fe2O3 abundances for the upper impactites in the Eyreville B drill core plotted 
versus A) TiO2 and B) MgO. The coloured fields in (A) represent mineral compositions obtained 
from this study and Townsend et al. (2009) from the basement-derived section: biotite (green), 
chlorite (yellow) and ilmenite (purple). C) K2O versus Na2O abundances for the upper impactite 
subunits, the upper suevite, suevite and impact melt rock (all data in wt%). 
 
3.3.3 Alteration of the Impactite Sequence 
The impactite sequence contains evidence of pre- and post-impact hydrothermal 
alteration, which includes sericitization (or albitization) of feldspars, chloritization of 
biotite, spherulitic devitrification of glass to phyllosilicates, fine- to coarse-grained, mm- 
to cm-sized quartz and calcite veins and pods, as well as the alteration of melt clasts to 
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secondary minerals such as smectite and zeolites (see Chapter Two, Section 2.5 for the 
detailed alteration effects; Chapter Four). In order to show the extent and nature of the 
hydrothermal alteration, Loss on Ignition (LOI) from bulk powders was plotted versus 
depth (Figure 3.4A), as well as against CaO (Figure 3.4B), K2O (Figure 3.4C) and Al2O3 
(Figure 3.4 E) contents. Table 3.4 displays the LOI mean values and standard deviations 
for the samples in the different subunits of the impactite sequence.  
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Figure 3.4: Bivariate plot of A) depth, B) CaO, and C) K2O content versus Loss on Ignition (LOI) for 
the impactites of the Eyreville B drill core. All data in wt%. Continued on next page. 
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Figure 3.4: Bivariate plot of D) LOI (Loss on ignition) and E) K2O content versus Al2O3 for the 
impactites of the Eyreville B drill core. All data in wt%.  
 
The LOI average values range from 2.29 to 10.77 wt% for the upper impactites and from 
3.22 to 6.57 wt% for the lower impactites (Table 3.4; Appendix 2a). LOI values in the 
upper impactites generally increase with depth to a maximum value of approximately 8 
wt% at the base of the upper impactites (1474.05 m). Values in the lower impactites are 
somewhat lower than values at the base of the upper impactites, but are comparable to the 
rest of the upper impactites (Figure 3.4A). The higher proportion of alteration in the 
lowermost subunits of the upper impactite unit (suevite (S1) and impact melt rock (M1)) 
most likely reflects the higher proportion of melt clasts and glass fragments in this 
interval, which are more susceptible to alteration than the mineral and lithic clasts. A 
higher proportion of alteration would be expected to occur in the uppermost subunits as 
most seawater interaction would occur in these subunits; however, this is not the case 
within the impactite sequence (Figure 3.4A), suggesting that the material making up these 
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subunits contains a high proportion of largely unreactive mineral (such as quartz) and 
lithic clasts. Alternatively, the post-impact hydrothermal system operated on a larger 
scale, encompassing the entire impactite sequence. One problem with further analysis of 
the scale of this alteration is that the uppermost breccias of the impactite sequence in 
contact with the Exmore breccia are highly friable, which precludes proper bulk sampling 
and petrographic analysis.  
 
No correlation exists between CaO (Figure 3.4B), K2O (Figure 3.4C) and LOI values, 
whereas a slight positive correlation exists between LOI (Figure 3.4 D), K2O (Figure 3.4 
E) and Al2O3 values. CaO values may largely reflect plagioclase feldspar clasts within the 
impactite sequence (see Chapter Two, Section 2.3.1 and 2.3.2); however, locally-
developed pre- or post-impact calcite veins may explain the wide scatter. Townsend et al. 
(2009) also described calc-silicate rocks in the basement-derived section that may be a 
further source of CaO. The plot of LOI and K2O abundance suggests that phyllosilicates 
are not the sole contributor of volatiles; however the plots of Al2O3 vs LOI (Figure 3.4 D) 
and K2O (Figure 3.4 E) indicate that phyllosilicates do contribute somewhat to the 
abundance of volatiles. Whilst a relatively significant contribution to LOI may come from 
carbonate veins and pods, other alternative sources of volatiles can be related to the 
graphite and sulphides in the mica schists (Horton et al 2009a, 2009b; Townsend et al., 
2009) that make up a significant component of the target based on mineral and lithic clast 
analysis (see Chapter Two, Section 2.3.2.1 and 2.3.2.2), and that may also occur in some 
of the sedimentary target rocks.  
 
In order to show the extent of general alteration in the impactite sequence, the chemical 
index of alteration (CIA; Nesbitt and Young, 1982) was calculated using the XRF 
analyses of the impactites. 
 
The CIA is calculated as: 
 
  [Al2O3 / (Al2O3 + K2O +Na2O + CaO)] * 100, 
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where a value of 100 represents the most altered material. 
 
The CIA values (Figure 3.5) indicate no substantial differences between the upper 
suevite, suevite (S3) and the lower impactite subunits.  
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Figure 3.5: Chemical Index of Alteration (CIA) calculated from the XRF analyses for samples from 
the impactite sequence, plotted against depth (m).  
 
The impact melt rock and suevite (S1) subunits, however, show higher CIA values than 
the rest of the subunits in the impactite sequence, thus suggesting that these subunits are 
altered to a larger degree (Figure 3.5). Most of the samples display relatively (CIA = 60 – 
80) alteration, apart from sample RG26, which occurs as an outlier and has a CIA value 
of approximately 54. Despite containing a high proportion of melt clasts that are highly 
altered, sample RG26 is actually dominated by quartz and felsic gneiss clasts and, thus, 
alteration only occurs in the melt clasts and not throughout the sample. The CIA increases 
with depth to a maximum value of 79 at the base of the upper impactites (1474.05 m) and 
then decreases slightly into the lower impactites; thus, the impact melt rock (M1) and 
suevite (S1) subunits are more altered than the uppermost impactite subunits as well as 
the lower, polymict impact breccia and cataclastic gneiss subunits (Figure 3.5). The CIA 
(Figure 3.5) results are somewhat similar to the irregular LOI (Figure 3.4A) trend with 
depth.  
RG26  
 111 
3.3.4 Matrix Compositions 
The matrix compositions of 10 samples (RG11, RG12, RG16, RG19, RG20, RG25, 
RG26, RG28, RG118 and RG114) from the upper impactite unit were analysed by EMPA 
using a 50 µm defocused beam. In order to obtain major element oxide compositions, 
both line analysis (16 lines moving in 30 µm increments) and point analysis (total of 18 
areas were analysed) were done on each sample. Two analyses with totals lower than 80 
wt% were discarded, as these were interpreted to have intersected holes within the thin 
section. Approximately 2 to 3 repeat analyses were performed on each thin section. Table 
3.5 shows the means and standard deviations of the major element oxides for the matrix.  
 
Table 3.5: Mean and standard deviation (data in wt%) of the major element oxide abundances for 
the matrix in the upper impactite unit of the Eyreville B drill core, obtained by EMPA based on point 
and line analysis. 
  RG11 RG11 RG12 RG12 RG16 RG16 RG19 RG19 RG20 RG20 
 (mean) (std dev*) (mean) (std dev*) (mean) (std dev*) (mean) (std dev*) (mean) (std dev*) 
  n = 2   n = 2   n = 3   n = 2   n = 2   
SiO2 52.80 1.61 66.21 3.57 74.41 1.57 45.24 0.71 48.17 5.83 
TiO2 2.62 3.63 0.14 0.04 3.10 4.27 0.85 0.09 0.84 0.20 
Al2O3 15.20 3.98 16.78 2.18 9.04 7.63 29.65 0.55 26.34 3.27 
Fe2O3 13.28 11.79 0.63 0.24 0.99 0.53 7.32 1.07 8.63 4.00 
MnO 0.21 0.02 0.01 0.01 0.03 0.03 0.04 0.01 0.10 0.06 
MgO 3.64 4.15 0.08 0.05 0.14 0.18 1.78 0.23 2.60 1.59 
CaO 3.61 4.17 0.21 0.08 3.89 4.56 0.20 0.01 0.72 0.88 
Na2O 1.56 1.73 1.37 1.18 1.22 1.15 1.77 0.06 0.83 0.50 
K2O 1.22 1.27 11.61 0.16 3.86 3.35 7.27 0.16 7.46 2.75 
Totals 94.14  97.04  96.68  94.12  95.69  
           
  RG25 RG25 RG26 RG26 RG28 RG28 RG118 RG118 RG114 RG114 
 (mean) (std dev*) (mean) (std dev*) (mean) (std dev*) (mean) (std dev*) (mean) (std dev*) 
  n = 3   n = 4   n = 2   n = 10   n = 4   
SiO2 70.18 3.30 52.43 9.07 52.06 0.64 62.68 12.33 68.65 12.53 
TiO2 0.02 0.01 0.82 0.48 0.99 0.19 0.45 0.82 0.05 0.03 
Al2O3 11.93 3.07 26.79 6.41 26.56 2.24 17.84 7.09 14.03 6.7 
Fe2O3 0.27 0.35 5.46 3.79 5.99 0.52 2.36 1.61 0.94 1.58 
MnO 0.01 0.02 0.03 0.02 0.04 0.00 0.05 0.03 0.03 0.04 
MgO 0.10 0.13 1.26 0.86 1.40 0.01 0.93 0.61 0.46 0.84 
CaO 0.26 0.08 0.41 0.56 0.39 0.03 0.66 0.56 0.1 0.05 
Na2O 0.26 0.13 0.95 0.56 1.94 0.28 1.91 2.89 0.64 0.67 
K2O 0.44 0.05 7.61 5.36 7.91 0.10 6.15 2.73 8.97 6.08 
Totals 83.47   95.76   97.28   93.03   93.87   
 
n = number of samples; 
* std dev = standard deviation 
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The comprehensive major element oxide dataset is shown in Appendix 2b. The lower 
impactites are predominantly clast-supported and, owing to problems with sample 
preparation that resulted in holes and plucking in the thin sections; thus, no samples from 
the lower impactites were analysed. Detailed SEM and petrographic analysis and the 
overall descriptions of the matrix have been reported in Chapter Two, Section 2.3.1.  
 
The compositional ranges of the matrix data (plotted in Figure 3.6A and B; Appendix 2b) 
of the upper impactite section are comparable and show no significant differences 
between the individual subunits. The plots suggest that the matrix consists primarily of 
fine-grained quartz, plagioclase and K-feldspar, with minor amounts of biotite, chlorite 
and muscovite (see Chapter Two, Section 2.3.2.1.1, Figure 2.5A and B). It is also clear 
that a number of the compositions represented by the matrix are more similar to mixes of 
minerals and mineral compositions resembling those found in the granite or granite 
gneiss, with smaller components derived from mica schist and amphibolite (Figure 3.6A 
and B).  
 
Bivariate plots of FeO+MgO versus SiO2 and Al2O3 contents are shown in Figure 3.7. 
FeO+MgO display a strong negative correlation with SiO2 concentrations (Figure 3.7A). 
The low totals of FeO+MgO and high totals of SiO2 suggest that the matrix is primarily 
composed of siliceous material (i.e., quartz and feldspar) and is relatively poor in 
ferromagnesian minerals, which correlates with results from Figure 3.6A. Mineral 
percentages throughout the impactite sequence indicate that feldspar with approximately 
23.2 vol% contributes most to the matrix minerals, with quartz (19.3 vol%), mica (9.5 
vol%) and accessory (1.5 vol%) minerals contributing smaller amounts (see Chapter 
Two, Table 2.2). These analyses clearly indicate that the matrix is more enriched in 
siliceous material than in ferromagnesian minerals. FeO+MgO displays a poor but 
positive correlation with Al2O3 (Figure 3.7B), with quite a few analyses having no 
FeO+MgO. This indicates that feldspar and muscovite are primary contributors to the 
Al2O3 abundances. No poor Al2O3 and FeO+MgO-rich values were noted, suggesting that 
the FeO+MgO predominantly comes from phyllosilicates and that there is no real 
contribution from the FeO+MgO oxides to the matrix abundance.  
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Figure 3.6: Ternary discrimination diagrams for the upper impactite matrix from the Eyreville B 
drill core based on defocused beam EMPA. A) Al2O3 - (FeO + MgO) - SiO2. B) AK(FM). Coloured 
fields for common minerals from the basement and average target rock compositions (granite, 
granite gneiss, mica schist, amphibolite and calc-silicate; after Townsend et al., 2009) are also plotted. 
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Figure 3.7: Bivariate plot of A) SiO2 and B) Al2O3 contents versus FeO+MgO, based on defocused 
beam (EMPA) analysis, for matrix of samples from the impactite sequence of the Eyreville B drill 
core. All data in wt%.  
 
3.4 Impactites versus Target Rocks 
Bartosova et al. (2009b), Schmitt et al. (2009) and Townsend et al. (2009) obtained bulk 
rock XRF analyses of the target rocks (calc-silicate, amphibolite, granite gneiss, granite, 
mica schist, pegmatite, phyllite, shale, greywacke or mudstone) from the basement-
derived section and megablocks and from clasts in the impactites in the Eyreville B drill 
core. A total of 45 basement samples (from Bartosova et al. (2009b), Schmitt et al. 
(2009), and Townsend et al. (2009)) were compared to the 20 impactite (14 suevites, 1 
impact melt rock, 1 cataclastic gneiss and 4 polymict impact breccia) samples analysed in 
this study. The mean and standard deviation for the major element oxide abundances for 
the impactites and basement-derived target rocks are reported in Table 3.6. 
 
In general, the upper impactites display mean SiO2 and Al2O3 abundances of 68.91 and 
12.99 wt %, respectively (Table 3.6). TiO2, Fe2O3 and MgO show abundances of 0.77, 
5.29 and 1.33 wt%, respectively, whereas Na2O, K2O and CaO display mean values of 
1.39, 2.49 and 1.17 wt%, respectively (Table 3.6).  
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Table 3.6: Means and standard deviations on major element oxide abundances for the impactites and 
target rocks of the Chesapeake Bay impact structure (data in wt%). Target rock data from 
Bartosova et al. (2009b); Schmitt et al. (2009) and Townsend et al. (2009).   
  Upper Upper  Lower Lower Calc Calc Amphibolite Amphibolite 
 impactites impactites impactites Impactites Silicate silicate   
 (mean) (std dev*) (mean) (std dev*) (mean) (std dev*) (mean) (std dev*) 
  n = 15   n = 5   n = 2   n = 4   
SiO2 68.91 5.64 63.49 4.06 55.45 4.35 48.95 3.83 
TiO2 0.77 0.23 0.94 0.05 0.63 0.13 1.09 0.30 
Al2O3 12.99 3.21 15.46 2.05 12.34 1.80 17.66 3.10 
Fe2O3 5.29 1.23 6.76 1.07 5.39 1.12 9.86 2.88 
MnO 0.08 0.02 0.09 0.02 0.17 0.08 0.17 0.04 
MgO 1.33 0.44 2.22 0.63 1.42 0.55 4.18 2.42 
CaO 1.17 0.37 1.17 0.25 15.61 6.77 8.57 2.46 
Na2O 1.39 0.65 1.05 0.26 0.49 0.45 2.14 0.47 
K2O 2.49 0.90 3.95 1.22 2.56 2.18 1.37 1.07 
         
  Granite Granite Granite Granite Mica Mica Pegmatite Pegmatite 
 gneiss gneiss   schist schist   
 (mean) (std dev*) (mean) (std dev*) (mean) (std dev*) (mean) (std dev*) 
  n = 11   n = 11   n = 8   n = 4   
SiO2 72.67 3.24 71.61 5.50 60.03 8.06 74.80 1.53 
TiO2 0.43 0.45 0.37 0.52 0.72 0.41 0.04 0.02 
Al2O3 13.19 1.11 14.22 0.87 18.62 3.94 14.50 0.99 
Fe2O3 3.18 1.97 3.09 4.06 6.60 4.46 0.57 0.28 
MnO 0.05 0.04 0.08 0.06 0.07 0.03 0.03 0.02 
MgO 0.38 0.49 0.39 0.49 1.34 0.76 0.08 0.05 
CaO 1.53 0.89 1.53 0.67 1.23 0.87 0.97 0.34 
Na2O 3.26 0.52 4.06 0.93 1.68 1.32 5.00 1.24 
K2O 4.81 1.35 3.76 1.38 4.15 1.25 2.88 1.89 
         
    Phyllite Phyllite Sedimentary Sedimentary   
   
  clasts* clasts*   
   (mean) (std dev*) (mean) (std dev*)   
    n = 2   n = 3     
  SiO2 66.30 14.71 67.70 4.32   
  TiO2 0.08 0.26 1.10 0.13   
  Al2O3 14.55 4.17 14.57 2.65   
  Fe2O3 6.41 3.65 6.42 0.70   
  MnO 0.08 0.05 0.06 0.01   
  MgO 3.13 3.18 1.43 0.31   
  CaO 0.69 0.51 0.96 0.79   
  Na2O 0.69 0.79 0.75 0.76   
  K2O 3.18 0.14 2.35 1.97   
 
n = number of samples; *std deviation = standard deviation; sedimentary clasts = extremely fine-grained, 
greyish-green clasts (possibly shale, greywacke or mudstone) 
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The lower impactites, however, display mean SiO2 and Al2O3 abundances of 63.49 and 
15.46 wt%, respectively (Table 3.6). TiO2, Fe2O3 and MgO show mean values of 0.94, 
6.76 and 2.22 wt%, respectively, whereas Na2O, K2O and CaO display mean abundances 
of 1.05, 3.95 and 1.17 wt%, respectively (Table 3.6). In general, the upper impactites are 
shown to be slightly more abundant in silica and sodium, whereas the lower impactites 
are slightly more abundant in aluminium and iron and potassium (Table 3.6). The 
differences between the upper and lower impactites, however, are relatively weak. 
 
In the Al2O3-(K2O+Na2O)–FeO+MgO+TiO2 ternary diagram (Figure 3.8), the impactites 
generally lie centrally, indicating a mixture of minerals (plagioclase, K-feldspar, epidote, 
muscovite, garnet and biotite) and lithic clasts (mica schist, sedimentary clasts, phyllite, 
granite and amphibolite).  
 
The impactites have similar relative compositions and generally show no significant 
differences (Figure 3.8), which is comparable to the analyses (light green, dashed field in 
Figure 3.8) by Bartosova et al. (2009b) and Schmitt et al. (2009). Overall, the diagram 
suggests that the impactites are enriched, in relatively equal amounts in Al2O3 and 
K2O+Na2O over FeO+MgO-rich minerals, in comparison to the basement-derived target 
rocks (Figure 3.8; Table 3.6). As shown in Figure 3.8, the compositions of the impactite 
samples show some similarities to the compositions of amphibolite, granite gneiss, 
granite, mica schist and phyllite of the basement-derived section (Table 3.6). 
 
Harker plots of the upper and lower impactites as well as the target rock compositions 
(Figure 3.9) from the Eyreville B drill core suggest that the upper and lower impactites 
consist of a well homogenised mixture of target rocks and that the impactite geochemical 
signatures are representative of this. The only significant difference is that some of the 
target rocks such as granite, mica schist, pegmatite and phyllite are noticeably more 
enriched in Na2O (Figure 3.9G) and K2O (Figure 3.9H) and less enriched in TiO2, Fe2O3, 
Al2O3, MnO and MgO (Figure 3.9A, B, C, D and E, respectively) in comparison to the 
impactites. 
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Figure 3.8: Ternary discrimination diagram (Al2O3 – (K2O+Na2O) – FeO+MgO+TiO2). The 
compositions of the investigated impactites from the Eyreville B drill core are compared with the 
average compositions of the main basement lithologies (after Bartosova et al., 2009b; Schmitt et al., 
2009, and Townsend et al., 2009), minerals from the impactite sequence, as well as the basement 
(after Townsend et al., 2009), and with impactite compositions (light green, dashed field) from 
Bartosova et al. (2009b) and Schmitt et al. (2009). All data in wt%.  
 
3.5 Lithic Clast Compositions 
The lithic clasts observed within the impactite sequence of the Eyreville B drill core 
comprise igneous (granitoid, quartz pegmatoid and dolerite), sedimentary (shale, 
sandstone, greywacke, siltstone, claystone, arkose, conglomerate and silty claystone) and 
metamorphic (phyllite, mica schist, slate, mafic and felsic orthogneiss) lithologies (see 
Chapter Two, Section 2.3.2.2 for detailed lithological descriptions).  
 
A total of 60 lithic samples - clasts from the impactite sequence and core samples from 
the basement section (11 granite; 9 mafic gneiss; 8 mica schist; 6 sandstone and felsic 
K-feldspar 
Plagioclase 
Epidote 
Muscovite 
Amphibole 
Garnet 
Biotite 
Chlorite 
Ilmenite 
 118 
gneiss; 4 pegmatite, shale, greywacke and amphibolite; 2 calc-silicate and phyllite) were 
analysed for major element oxides using X-ray fluorescence spectrometry (38 samples) 
and 50 µm defocused-beam electron microprobe (22 samples). Table 3.7 displays the 
means and standard deviations of the major element oxide abundances for the various 
lithic materials present throughout the impactite sequence and basement-derived section 
(based on Schmitt et al., 2009 and Townsend et al., 2009, for basement section data) of 
the Eyreville B drill core. All major element oxide data for the lithic clasts are available 
in Appendix 2c.   
 
According to petrographic observations (see Chapter Two, Section 2.3.2.2), the upper and 
lower impactite units of the Eyreville B drill core contain lithic clasts from a wide variety 
of target rock lithologies. The igneous lithologies (granite and pegmatite), based on XRF 
analysis, display mean SiO2, Al2O3, Na2O, K2O and Fe2O3 ranges between 71.61 and 
74.80 wt%, 14.22 and 14.50 wt%, 4.06 and 5.00 wt%, 2.88 and 3.76 wt%, and 0.57 and 
3.09 wt%, respectively (Table 3.7).  
 
The sedimentary clasts display mean SiO2 ranges from 55.45 to 76.48 wt%, whereas the 
metamorphic clasts display mean SiO2 abundances between 48.95 and 76.39 wt% (Table 
3.7). The Al2O3, Na2O, K2O and Fe2O3 contents range from 12.34 to 19.41 wt%, 0.49 to 
3.10 wt%, 2.56 to 8.60 wt%, and 1.90 to 6.01 wt%, respectively, for the sedimentary 
clasts, and from 13.67 to 19.02 wt%, 0.69 to 6.40 wt%, 0.77 to 4.15 wt%, and 1.71 to 
9.86 wt%, respectively, for the metamorphic clasts (Table 3.7). 
 
Figure 3.10 displays Harker plots for the contents of Na2O, K2O, Al2O3, MgO, Fe2O3 and 
CaO versus SiO2 for the igneous, sedimentary and metamorphic clasts in the Eyreville B 
impactite sequence. The igneous (granite and pegmatite) samples show a positive trend of 
Na2O (Figure 3.10A) with SiO2, negative trends of MgO (Figure 3.10D) and Fe2O3 
(Figure 3.10E) with SiO2, and no correlation of K2O (Figure 3.10B), Al2O3 (Figure 
3.10C) and CaO (Figure 3.10F) with SiO2. The sedimentary (sandstone, shale, calc 
silicate and greywacke) and metamorphic (mica schist, amphibolite, phyllite, mafic and 
felsic gneiss) clasts exhibit a variety of compositions. 
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∆ Calc-silicate □ Mica schist 
▲ Amphibolite ■ Pegmatite 
○ Granite gneiss ◊ Phyllite 
● Granite ♦ Sedimentary 
 
Figure 3.9: Harker diagrams for samples from the upper and lower impactite units of the impactite 
sequence and target rocks of the basement-derived section (data provided by Bartosova et al., 2009b; 
Schmitt et al., 2009; Townsend et al., 2009) of the Eyreville B drill core. The red field delineates the 
positions of the compositions of the upper and lower impactite samples shown in Figure 3.8; Table 
3.6. All data in wt%. 
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Table 3.7: Means and standard deviations on major element oxide abundances for the lithic clasts 
present in the impactite sequence and rocks of the basement-derived section of the Eyreville B drill 
core (data in wt%; basement data from Schmitt et al., 2009; Townsend et al., 2009).  
  Granite Granite Pegmatite Pegmatite Shale Shale Sandstone Sandstone 
 
        
 (mean) (std dev*) (mean) (std dev*) (mean) (std dev*) (mean) (std dev*) 
  n = 11   n = 4   n = 4   n = 6   
SiO2 71.61 5.50 74.80 1.53 72.40 8.17 58.75 9.41 
TiO2 0.37 0.52 0.04 0.02 0.42 0.83 0.20 0.32 
Al2O3 14.22 0.87 14.50 0.99 13.54 6.97 19.41 1.09 
Fe2O3 3.09 4.06 0.57 0.28 1.90 2.37 6.01 11.61 
MnO 0.08 0.06 0.03 0.02 0.02 0.02 0.03 0.06 
MgO 0.39 0.49 0.08 0.05 0.48 0.69 1.17 2.03 
CaO 1.53 0.67 0.97 0.34 0.28 0.27 1.03 1.43 
Na2O 4.06 0.93 5.00 1.24 3.10 5.01 1.74 0.95 
K2O 3.76 1.38 2.88 1.89 5.78 5.36 8.60 6.11 
Total 99.11  98.87  97.92  96.94  
  Greywacke Greywacke Calc Calc Amphibolite Amphibolite Mica Mica 
 
  silicate Silicate   schist Schist 
 (mean) (std dev*) (mean) (std dev*) (mean) (std dev*) (mean) (std dev*) 
  n = 4   n = 2   n = 4   n = 8   
SiO2 76.48 6.77 55.45 4.35 48.95 3.83 60.03 8.06 
TiO2 0.20 0.14 0.63 0.13 1.09 0.30 0.72 0.41 
Al2O3 12.89 3.87 12.34 1.80 17.66 3.10 18.62 3.94 
Fe2O3 2.21 1.28 5.39 1.12 9.86 2.88 6.60 4.46 
MnO 0.03 0.03 0.17 0.08 0.17 0.04 0.07 0.03 
MgO 0.68 0.35 1.42 0.55 4.18 2.42 1.34 0.76 
CaO 0.28 0.07 15.61 6.77 8.57 2.46 1.23 0.87 
Na2O 1.32 1.22 0.49 0.45 2.14 0.47 1.68 1.32 
K2O 3.22 0.95 2.56 2.18 1.37 1.07 4.15 1.25 
Total 97.31  94.06  93.99   94.44   
  Phyllite Phyllite Felsic Felsic Mafic Mafic    
 
  gneiss Gneiss gneiss Gneiss   
 (mean) (std dev*) (mean) (std dev*) (mean) (std dev*)   
  n = 2   n = 6   n = 9     
SiO2 66.30 14.71 76.39 8.18 59.60 6.16   
TiO2 0.08 0.26 0.10 0.14 0.03 0.05   
Al2O3 14.55 4.17 13.67 7.11 19.02 3.42   
Fe2O3 6.41 3.65 1.71 2.68 2.95 5.22   
MnO 0.08 0.05 0.01 0.02 0.06 0.07   
MgO 3.13 3.18 0.32 0.49 1.07 2.36   
CaO 0.69 0.51 0.60 0.64 2.17 3.64   
Na2O 0.69 0.79 6.00 4.98 6.40 3.83   
K2O 3.18 0.14 0.77 0.60 3.29 4.24   
Total 95.11   99.57   94.59     
 
n = number of samples;  
*std deviation = standard deviation 
 121 
Sandstone, shale and greywacke show no correlation of Na2O (Figure 3.10G) and CaO 
(Figure 3.10L) with SiO2. Mica schist shows a positive correlation of Na2O (Figure 
3.10M) with SiO2, whereas amphibolite, phyllite, mafic and felsic gneiss all display a 
negative correlation of Na2O with SiO2. Sandstone, phyllite and mafic gneiss display no 
correlation of K2O (Figure 3.10H, N) and Al2O3 (Figure 3.10I, O) with SiO2, whereas 
shale and greywacke show no correlation of MgO (Figure 3.10J) and Fe2O3 (Figure 
3.10K) with SiO2. Sandstone, amphibolite and mica schist, however, show negative 
trends of MgO (Figure 3.10J, P) and Fe2O3 (Figure 3.10K, Q) with SiO2. Felsic gneiss 
shows a positive correlation and no correlation of MgO and Fe2O3, respectively, with 
SiO2. Shale, greywacke and mica schist show negative trends of K2O and Al2O3 with 
SiO2. Calc-silicate shows a positive trend of Na2O, K2O, Al2O3, MgO and Fe2O3 with 
SiO2 and no correlation of CaO with SiO2. Shale, greywacke and mica schist show 
negative trends of K2O and Al2O3 with SiO2.  
 
Calc-silicate shows a positive trend of Na2O, K2O, Al2O3, MgO and Fe2O3 with SiO2 and 
no correlation of CaO with SiO2. Amphibolite and felsic gneiss both show a positive 
correlation of K2O with SiO2. Phyllite and mafic gneiss also show no correlation of MgO, 
and a negative correlation of Fe2O3, with SiO2. Mica schist, phyllite and felsic gneiss all 
display a negative trend of CaO (Figure 3.10R) with SiO2, whereas mafic gneiss shows 
no trend of CaO with SiO2. Overall, the igneous clasts are silica-rich (up to 75 wt% SiO2; 
Table 3.7), whereas the sedimentary clasts range from 55 to 77 wt% SiO2 and from 48 to 
77 wt% SiO2 for the metamorphic clasts (Table 3.7).  
 
Igneous clasts are generally Na-and Al-rich, whereas sedimentary and metamorphic clasts 
are K- and Fe-rich and Na-, Al, K-, Mg- and Fe-rich, respectively. The compositional 
ranges of the igneous and sedimentary clasts, plotted in the ternary diagram Al2O3 – SiO2 
– (FeO+MgO; Figure 3.11A), are relatively comparable and show no significant 
differences within the individual lithic clasts. Analyses and plots indicate that the igneous 
and sedimentary clasts display variable but high SiO2 and low FeO+MgO and Al2O3 
values, which is comparable to the matrix (orange) and bulk impactite (green) data from 
the impactite sequence.  
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● Granite ■ Pegmatite 
 
Figure 3.10: Harker diagrams for the abundances of Na2O, K2O, Al2O3, MgO, Fe2O3 and CaO versus 
SiO2 for igneous rock clasts occurring throughout the impactite sequence (all data in wt%). 
Continued on next page. 
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— Sandstone ∆ Calc-silicate 
♦ Shale  - Greywacke 
 
Figure 3.10 (continued): Harker diagrams for the abundances of Na2O, K2O, Al2O3, MgO, Fe2O3 and 
CaO versus SiO2 for sedimentary rock clasts occurring throughout the impactite sequence (all data 
in wt%). Continued on next page. 
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□ Mica schist ▲ Amphibolite 
◊ Phyllite x Mafic gneiss 
+ Felsic gneiss 
 
 
Figure 3.10 (continued): Harker diagrams for the abundances of Na2O, K2O, Al2O3, MgO, Fe2O3 and 
CaO versus SiO2 for metamorphic rock clasts throughout the impactite sequence (all data in wt%). 
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The igneous and sedimentary clasts are comparable to the granite, granite gneiss, 
pegmatite, mica schist, phyllite and calc-silicate (dashed line field; Figure 3.11A) of the 
crystalline basement-derived section (Schmitt et al., 2009; Townsend et al., 2009). 
 
The ternary diagram, Figure 3.11 B, for the metamorphic clasts shows that, in general, the 
clasts are relatively comparable to the matrix and bulk data from the impactite sequence, 
as well as the data from the crystalline basement-derived section (dashed line field; 
Schmitt et al., 2009; Townsend et al., 2009). The metamorphic clasts trend from a high 
SiO2 content towards FeO+MgO values. Generally, the metamorphic clasts are low in 
Al2O3 (Figure 3.11B). 
 
The ternary diagrams Al2O3 – (K2O+Na2O) – (FeO+MgO; Figure 3.12A and B) show the 
compositions of the igneous and sedimentary clasts (Figure 3.12A) and metamorphic 
clasts (Figure 3.12B) investigated throughout the impactite sequence and compared to 
that of the matrix (orange) and bulk impactite data (green). Both igneous and sedimentary 
as well as metamorphic clasts show variable compositions and lie between the Al2O3 and 
K2O+Na2O apexes and extend towards the FeO+MgO apex, indicating that the clasts are 
relatively high in Al2O3 and K2O+Na2O and low in FeO+MgO (Figure 3.12A and B). The 
igneous, sedimentary and metamorphic clasts are generally comparable to the matrix and 
bulk data from the impactite sequence (Figure 3.12A and B).  
 
3.6 Trace Element Abundances 
Twenty samples from the impactite sequence were analysed for trace elements by XRF 
and ICP-MS (Table 3.8). The XRF and ICP-MS trace element data show similar values. 
Trace element values are plotted against depth (Figure 3.13) and against major element 
oxide abundances in Figures 3.14, 3.15, 3.16 and 3.17. Copper (Cu), Co, Nb and Y 
(Table 3.8) values are generally either below or very close to the detection limit, 
indicating these elements are present only as minor substitution components in common 
mineral phases. Thus, these elements were excluded from the discussion of trace element 
analysis (Table 3.8). 
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Figure 3.11: Ternary discrimination diagrams (Al2O3 – (FeO+MgO) – SiO2) show the compositions of 
(A) igneous and sedimentary and (B) metamorphic rock clasts, compared with matrix (orange) and 
bulk impactite (green) as well as compositions of mineral from the impactite and basement section 
(after Schmitt et al., 2009; Townsend et al., 2009; data in wt%). 
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Figure 3.12: Ternary discrimination diagrams (Al2O3 – (K2O+Na2O) – FeO+MgO) showing the 
compositions of (A) igneous and sedimentary and (B) metamorphic rock clasts compared with matrix 
(orange) and bulk impactite (green) data, as well as compositions of minerals from the impactite 
sequence and basement section (after Schmitt et al., 2009; Townsend et al., 2009; data in wt%). 
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In general, Rb (Figure 3.13A), Zr (Figure 3.13C), Cr (Figure 3.13E), Ni (Figure 3.13F), 
Zn (Figure 3.13G) and V (Figure 3.13H) all show an increase in abundance with depth, 
whereas Sr (Figure 3.13 B) and Ba (Figure 3.13D) display no trend with depth. All of the 
trace elements versus depth graphs show an outlier (RG26). This sample also shows 
anomalies in major elements that can be related to the sample’s petrography (see Section 
3.3).  
 
3.6.1 Lithophile Elements 
Barium (Ba) decreases with depth (Figure 3.13D) and varies in content between 219 and 
623 ppm for the impactite sequence, with one extreme outlier (RG26) at 3107 ppm (Table 
3.8). The values in the upper impactites are slightly higher (219 to 623 ppm) than in the 
lower section (408 to 596 ppm). K2O displays a higher abundance in the lower impactites 
(Figure 3.1H). K2O abundance correlates positively with Ba (see Figure 3.15B) as Ba 
substitutes for K2O. Barium shows no correlation with SiO2 (Figure 3.14F) as well as no 
correlation with any of the other major element oxides (Appendix 2d). 
 
Strontium (Sr) is similar to Ba in that it shows no obvious trend with depth (Figure 
3.13B), with compositions of the two sequences being comparable. There is the same 
outlier RG26, showing an anomalously high value of 1024 ppm (Table 3.8). The Sr 
values vary mostly between 65 and 263 ppm for the upper impactites and 102 and 293 
ppm for the lower impactites (Figure 3.13B; Table 3.8). Strontium shows no correlation 
with any of the major element oxides (Appendix 2d).  
 
Rubidium (Rb) displays a slight decrease in abundance with depth in the upper impactites  
(Figure 3.13A; at 1440 m depth), with values ranging from 78 to 172 ppm, and then 
increases with increasing depth in the lower impactites, with contents between 147 and 
291 ppm (Table 3.8). The RG26 outlier shows a negative correlation of Rb to Ba and Sr 
(Rb = 26 ppm; Figure 3.13A, B and D; Table 3.8).  Rubidium (Rb) correlates positively 
with K2O (Figure 3.15A) and negatively with SiO2 (Figure 3.14A) and shows no trends 
with the other major element oxides (Appendix 2d). 
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Table 3.8: Trace element abundances for the impactite samples of the Eyreville B drill core obtained 
by XRF and ICP-MS, respectively (data in ppm).  
XRF Rb Sr Y Zr Nb Co Ni Cu Zn V Cr Ba 
Sample (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 
RG11 83 156 27 299 16 14 42 12 70 91 124 490 
RG12 162 101 36 167 13 9 24 33 43 120 118 623 
RG16 150 162 29 212 13 12 30 18 81 83 65 433 
RG19 134 218 30 195 14 12 33 17 90 99 59 392 
RG20 132 194 32 227 15 16 36 16 75 97 82 412 
RG23 121 254 28 168 11 13 23 11 70 93 52 452 
RG26 26 1024 18 68 3 8 16 5 23 14 12 3107 
RG28 101 251 34 217 15 13 31 17 87 100 106 344 
RG111 78 165 34 221 15 12 35 22 101 92 61 384 
RG110 94 197 37 260 18 14 35 23 109 107 75 403 
RG109 99 203 41 234 18 19 35 29 110 129 78 330 
RG108 112 214 32 211 14 11 27 22 84 104 88 327 
RG105 79 263 37 239 18 13 30 22 102 113 73 299 
RG101 172 185 40 269 17 16 35 19 120 120 74 458 
RG98 84 65 16 129 7 12 23 12 84 61 28 219 
RG93 147 130 34 230 18 15 52 24 87 116 133 517 
RG90 163 293 35 246 16 18 35 25 98 97 72 408 
RG88 291 102 38 186 19 19 63 58 123 196 136 596 
RG84 167 119 36 250 18 16 40 22 92 120 97 468 
RG83 152 129 35 236 18 18 47 17 91 118 107 424 
             
ICP-MS Rb Sr Y Zr Nb Co Ni Cu V Cr Ba  
Sample (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)  
RG11 46 149 21 244 19 14 45 15 84 115 252  
RG12 76 48 16 152 17 11 31 36 117 76 212  
RG16 61 101 31 220 16 14 34 22 85 60 259  
RG19 125 223 33 223 16 12 40 20 98 58 375  
RG20 60 118 31 137 18 16 41 19 93 73 187  
RG23 48 193 29 111 12 15 24 13 85 40 315  
RG26 22 972 22 62 3 8 15 5 16 11 1751  
RG28 89 230 35 238 17 17 37 23 85 64 319  
RG111 77 175 36 256 17 17 41 31 92 64 422  
RG110 15 96 27 276 20 18 40 28 109 71 45  
RG109 44 133 25 241 19 18 42 31 123 82 134  
RG108 46 123 26 188 17 15 34 27 101 68 126  
RG105 65 255 40 294 22 18 39 27 108 73 278  
RG101 80 116 29 285 20 20 39 27 110 69 150  
RG98 89 69 17 107 9 11 28 14 59 29 218  
RG93 69 120 21 191 20 23 66 32 113 129 189  
RG90 127 272 34 262 16 16 37 25 88 59 240  
RG88 88 52 23 204 21 25 80 60 194 128 135  
RG84 89 92 22 257 19 19 44 27 108 90 198  
RG83 63 93 23 201 19 17 49 19 97 90 134  
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The contents of Zr show similar values throughout the sequence (Figure 3.13C) and 
display a marginal increase in abundance with depth. Values mostly range between 200 
and 300 ppm, with the exception of a low RG26 value (Figure 13.3C, Table 3.8). 
Zirconium correlates negatively with SiO2 (Figure 3.14B) and positively with TiO2 
(Figure 3.15C) and MgO (Figure 3.16A). 
 
Chromium (Cr) values are generally low but vary widely, from 12 to 136 ppm, 
throughout the sequence, with a slight increase in abundance with depth (Figure 3.13E; 
Table 3.8). Chromium correlates positively with TiO2 (Figure 3.15E), Fe2O3 (Figure 
3.17E) and MgO (Figure 3.16E), and negatively with SiO2 (Figure 3.14E), and shows no 
trends with the other major element oxides (Appendix 2d). 
 
Vanadium (V) values show less scatter than Cr, Ni and Zn (Figure 3.13E, F and G, 
respectively), with a slight increase with increasing depth and with a range between 83 
and 129 ppm (Figure 3.13H; Table 3.8). Vanadium correlates positively with TiO2 
(Figure 3.15D), Al2O3 (Figure 3.17A), Fe2O3 (Figure 3.17D) and MgO (Figure 3.16D), 
and negatively with SiO2 (Figure 3.14D). All the lithophile elements, except Sr, display 
similar geochemical signatures with regards to correlation with some of the major 
element oxides: all indicate a negative trend with SiO2 (Figure 3.14) and no correlations 
with Al2O3 (except V), CaO and MnO (Appendix 2d). 
 
3.6.2 Chalcophile Elements 
Generally, the Zn content (Table 3.8) varies between 40 and 130 ppm in the impactite 
sequence and increases with depth (Figure 3.13G). The upper impactites display values 
ranging from 23 to 120 ppm (Table 3.8), whereas in the lower impactites values vary 
from 87 to 123 ppm (Table 3.8). Sample RG26 displays an exceptionally low value (23 
ppm) in the upper impactite unit (Figure 3.13G).  
 
The suevite (S1) samples from the base of the upper impactites are comparable to those 
of the lower impactite unit with regards to Zn concentration (Figure 3.13G; Table 3.8).  
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♦ Upper suevite □ Suevite 
▲ Impact melt rock ∆ Cataclastic gneiss 
■ Polymict impact breccia 
 
 
Figure 3.13: Variations of contents (in ppm) of trace elements with depth (Rb, Sr, Zr, Ba, Cr, Ni, Zn 
and V). Data for samples of upper suevite, impact melt rock, cataclastic gneiss and polymict impact 
breccia are plotted. The geologic column (see Section 2.1) according to Horton et al. (2008) is shown 
on the right side. 
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Zinc correlates positively with Fe2O3 (Figure 3.17C) and MgO (Figure 3.16C), negatively 
with SiO2 (Figure 3.14C), and displays no trend with any of the other major element 
oxides (Appendix 2d). 
 
The Cu content ranges from 5 to 33 ppm for the upper impactites and from 17 to 58 ppm 
for the lower impactites (Table 3.8). Both Zn and Cu show higher abundances in the 
polymict impact breccias (lower impactites) than in the suevites and impact melt rocks 
(upper impactites), which suggests that the lower impactites contain a slightly higher 
proportion of Ti-, Fe- and Mn-bearing minerals than the upper impactites, which reflects 
the higher concentration of iron-rich rocks such as mica schist and mafic gneiss in the 
lower impactites (see Section 3.3).  
 
3.6.3 Siderophile Elements 
Nickel (Ni) values show a wide variability within the sequence, with values increasing 
with depth (Figure 3.13F). Ni content ranges from 16 to 63 ppm (Table 3.8) for the 
impactite sequence, with the upper impactites varying between 16 and 42 ppm and the 
lower impactites between 35 and 63 ppm (Figure 3.13F; Table 3.8). Ni correlates 
positively with Fe2O3 (Figure 3.17B) and MgO (Figure 3.16B) and shows no trend with 
other major element oxides (Appendix 2d). 
 
Cobalt (Co) values are low and comparable between the upper and lower impactite units, 
ranging between 8 and 19 ppm for the upper impactites and 15 to 19 ppm in the lower 
impactite unit (Table 3.8). Significant concentrations of siderophile elements have not 
been observed within the impactite sequence, indicating that there is not a dominant 
presence of sulphides; however minor quantities of pyrite, chalcopyrite and pyrrhotite 
have been identified within the impactite sequence (see Chapter Two; Section 2.3.2). 
High Ni values correlate with relatively high Fe2O3 (Figure 3.17B). 
 
3.6.4 Rare Earth Element Compositions 
Rare earth element data were obtained for 20 samples (Table 3.9) using the ICP-MS at 
the Earth Lab, School of Geosciences, University of the Witwatersrand (see Section 3.2).  
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Figure 3.14: Harker diagrams of the abundances (in ppm) of trace elements from the impactite 
sequence versus SiO2. A) Rb; B) Zr; C) Zn; D) V; E) Cr and F) Ba. The impactites consist of upper 
suevite, impact melt rock, cataclastic gneiss and polymict impact breccia (see geologic column, 
Section 2.1, according to Horton et al., 2008). 
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Figure 3.15: Harker diagrams of the contents (in ppm) of some trace elements in samples from the 
impactite sequence versus K2O (Rb and Ba) and TiO2 (Zr, V and Cr). A) Rb; B) Ba; C) Zr; D) V and 
E) Cr. The impactites are subdivided into upper suevite, impact melt rock, cataclastic gneiss and 
polymict impact breccia (see geologic column, Section 2.1, according to Horton et al., 2008).  
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Figure 3.16: Harker diagrams of the contents (in ppm) of some trace elements in samples from the 
impactite sequence versus MgO. A) Zr; B) Ni; C) Zn; D) V and E) Cr. The impactites consist of 
upper suevite, impact melt rock, cataclastic gneiss and polymict impact breccia (see geologic column, 
Section 2.1, according to Horton et al., 2008). 
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Figure 3.17: Harker diagrams of the contents (in ppm) of some trace elements in samples from the 
impactite sequence versus Al2O3 (V) and Fe2O3. A) V; B) Ni; C) Zn; D) V and E) Cr. The impactites 
consist of upper suevite, impact melt rock, cataclastic gneiss and polymict impact breccia (see 
geologic column, Section 2.1, according to Horton et al., 2008). 
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Figure 3.18 displays the REE distribution patterns, normalized to C1 chrondrite 
composition (after Taylor and McLennan, 1985). 
 
The impactites of the Eyreville B drill core all show relatively similar normalized REE 
values (Figure 3.18; Appendix 2e) and are enriched in REE relative to chrondritic 
abundances by factors between 10 and 100, with higher enrichment in the light rare earth 
elements (LREE) compared with the heavy rare earth elements (HREE) (Figure 3.18). 
Europium (EU) anomalies are distinctly negative throughout the impactite sequence 
(Figure 3.18); however, a positive Eu anomaly is observed in the upper suevite (SU 
subunit) for sample RG26.  
 
Approximately 60% of the calculated Eu anomaly values (Eu/Eu*) are less than or equal 
to 1 (Figure 3.18; Appendix 2e). The Eu anomalies can be attributed to variable feldspar 
(plagioclase) content (see Chapter Two, Section 2.3.2.1; Schmitt et al., 2009). In general, 
the subunits (which include the upper suevite (SU), suevite (S1, S3) and the impact melt 
rock (M1)) of the upper impactite unit display similar REE patterns to each other (Figure 
3.18A and B; Appendix 2e). The Eu and positive Ce anomalies are more pronounced in 
the lower impactite (which includes cataclastic gneiss (B4) and polymict impact breccia 
(P3, P2) subunits; Figure 3.18C) than in the upper impactites (Figure 3.18A and B; 
Appendix 2e).  
  
Figure 3.19 shows the La/Th (Figure 3.19A) and La/Yb (Figure 3.19B) ratios plotted 
versus depth. Overall, only slight differences were noted with increasing depth in the 
subunits of the upper and lower impactites (Figure 3.19A and B). Some scatter is 
observed for both ratios, especially in the suevite, impact melt rock and polymict impact 
breccia subunits. The average values for La/Th are 3.8 (Figure 3.19A; Appendix 2e) and 
for La/Yb, 10.2 (Figure 3.19B; Appendix 2e). The La/Th values show no significant 
difference between the subunits (Figure 3.19A). Two outliers, RG11 (upper suevite (SU) 
subunit) and RG26 (suevite (S3) subunit) display low and high ratios, respectively 
(Figure 3.19A). 
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Table 3.9: Trace element data (in ppm) obtained by ICP-MS for the impactite samples from the Eyreville B drill core. 
Sample  RG11 RG12 RG16 RG19 RG20 RG23 RG26 RG28 RG111 RG110 RG109 RG108 RG105 RG101 RG98 RG93 RG90 RG88 RG84 RG83 
Depth 1396 1398 1408 1414 1417 1420 1425 1428 1450 1452 1453 1453 1455 1465 1469 1494 1507 1512 1531 1533 
Unit SU SU S3 S3 S3 S3 S3 S3 M1 S1 S1 S1 S1 S1 S1 B4 P3 P3 P2 P2 
P 786.4 504.3 576.8 652.1 568.5 607.4 449.7 712.9 823.2 730.9 806.3 711.5 753.6 832.3 498.4 588.5 684.9 474.9 643.6 633.6 
Sc 6.7 6.0 7.9 12.2 7.8 6.7 2.3 9.0 14.0 3.5 8.3 7.6 13.2 5.2 6.2 7.0 8.5 4.9 6.8 6.0 
Ti 5432.3 4449.6 4952.6 4892.9 5085.4 3609.5 933.6 4688.5 5575.0 6203.0 6476.0 5330.3 6115.1 6505.6 3370.2 5593.6 5080.5 6175.0 5806.7 5326.1 
V 83.6 116.6 84.8 98.4 92.9 84.7 15.9 84.9 92.3 108.8 123.2 101.4 108.4 109.9 58.7 113.4 87.9 193.9 108.0 96.6 
Ga 17.4 25.3 17.7 19.6 19.3 18.4 6.0 17.0 20.5 22.4 26.0 22.4 24.6 22.5 11.4 23.1 19.4 28.7 22.2 19.1 
As 0.3 0.8 3.9 2.3 2.1 7.6 52.1 2.4 7.0 5.8 4.7 4.1 5.2 3.8 5.0 0.9 2.4 4.5 3.5 3.3 
Rb 45.5 76.0 60.5 124.6 59.7 47.6 21.7 89.2 77.0 15.2 44.4 46.5 64.7 79.9 88.8 68.9 127.5 88.3 89.1 62.8 
Sr 148.8 48.1 101.1 223.4 118.5 193.3 972.4 230.1 174.8 96.1 132.9 123.2 254.9 116.5 69.2 120.0 272.3 51.9 91.8 92.8 
Y 20.7 15.6 31.2 33.4 30.9 28.5 21.5 35.1 36.2 27.2 25.0 26.5 39.6 29.4 17.1 20.8 33.8 23.5 22.2 23.5 
Zr 244.4 151.6 220.4 223.2 137.5 110.8 62.4 237.6 255.8 275.6 241.2 188.1 294.0 284.6 107.3 191.4 261.8 204.2 256.6 201.3 
Nb 19.4 16.7 16.1 16.5 18.2 12.3 3.4 16.5 17.3 19.9 18.7 17.3 21.8 19.8 8.6 19.6 16.2 21.4 19.4 18.8 
Ba 251.9 211.8 259.1 375.4 187.1 314.5 1751.2 319.1 422.2 44.8 133.8 125.6 277.7 149.7 217.9 188.8 239.7 135.3 198.0 134.1 
Cs 2.3 8.1 8.8 12.3 10.9 8.3 12.7 13.5 11.4 10.5 25.3 19.3 17.4 21.8 7.5 4.9 16.2 14.1 13.6 9.6 
La 21.6 27.5 26.1 32.7 24.2 22.4 21.2 30.4 38.0 16.1 17.9 21.5 38.3 24.4 16.5 27.5 30.0 12.6 24.7 21.3 
Ce 81.0 71.0 68.6 74.9 81.5 57.4 42.2 75.1 82.1 80.1 82.9 76.3 89.8 83.3 38.3 92.0 78.5 73.9 86.7 76.4 
Pr 5.6 7.2 7.3 8.5 7.1 6.2 5.1 8.3 9.8 4.4 4.4 5.8 10.0 6.0 4.6 6.5 8.1 3.1 6.1 5.2 
Nd 21.1 27.0 28.5 32.6 28.7 24.5 19.8 32.8 37.1 18.0 16.6 23.1 38.3 23.5 18.2 24.7 31.7 12.3 23.5 20.1 
Sm 4.2 5.1 5.9 6.5 5.9 5.2 5.2 6.8 7.5 3.7 3.4 4.7 7.6 4.4 3.8 4.2 6.4 2.5 4.3 3.7 
Eu 1.0 0.8 1.3 1.4 1.3 1.2 1.8 1.5 1.5 0.7 0.7 0.9 1.5 0.8 0.8 0.8 1.3 0.6 0.8 0.7 
Gd 4.8 5.1 6.2 6.5 6.3 5.2 4.6 7.0 7.7 4.7 4.2 5.2 8.0 5.1 3.8 5.1 6.8 3.5 5.0 4.3 
Tb 0.6 0.6 0.9 0.9 0.9 0.8 0.7 1.0 1.1 0.7 0.6 0.7 1.2 0.7 0.5 0.6 1.0 0.5 0.6 0.6 
Dy 3.7 2.8 5.0 5.3 5.0 4.5 3.8 5.9 6.2 4.1 3.3 4.1 6.6 4.2 3.0 3.4 5.7 3.1 3.5 3.5 
Ho 0.7 0.5 1.0 1.1 1.0 0.9 0.7 1.1 1.2 0.9 0.7 0.8 1.3 0.9 0.6 0.7 1.1 0.7 0.7 0.7 
Er 2.1 1.4 2.9 3.0 2.8 2.5 1.9 3.3 3.3 2.5 2.1 2.4 3.8 2.6 1.6 1.9 3.2 2.1 2.1 2.1 
Tm 0.3 0.2 0.4 0.5 0.4 0.4 0.3 0.5 0.5 0.4 0.4 0.4 0.6 0.4 0.2 0.3 0.5 0.4 0.3 0.4 
Yb 2.3 1.5 2.9 3.1 2.8 2.5 1.3 3.1 3.2 2.7 2.5 2.5 3.6 2.8 1.6 1.9 3.2 2.4 2.2 2.3 
Lu 0.3 0.2 0.4 0.5 0.4 0.4 0.2 0.5 0.5 0.4 0.4 0.4 0.6 0.4 0.2 0.3 0.5 0.4 0.3 0.3 
Hf 6.5 4.1 5.7 5.9 3.7 3.0 1.7 6.3 6.6 7.3 6.4 5.1 7.9 7.4 2.8 5.2 6.8 5.4 6.8 5.4 
Ta 1.3 1.2 1.2 1.4 1.3 0.9 0.3 1.2 1.3 1.5 1.3 1.3 1.8 1.4 0.6 1.3 1.2 1.5 1.3 1.4 
W 1.4 5.3 1.7 1.7 1.8 1.1 0.8 1.3 2.3 2.4 2.4 2.0 2.1 2.9 1.4 1.6 2.1 1.5 2.2 1.8 
Pb 20.3 14.5 19.4 23.9 19.5 26.0 8.9 28.7 39.4 32.5 28.7 26.6 45.6 32.4 20.6 17.6 55.5 20.4 30.5 25.0 
Th 8.8 8.2 7.4 9.3 6.3 5.5 2.5 8.6 11.3 5.6 4.4 6.3 12.1 6.2 4.8 5.7 9.3 3.1 6.5 5.7 
U 3.0 2.9 2.7 3.3 2.6 1.9 0.9 2.9 3.6 3.7 4.6 3.7 4.4 3.8 1.5 2.7 3.1 5.1 3.4 2.7 
 139 
 
 
 
 
        
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
 
Figure 3.18: C1 chrondrite-normalized REE distribution patterns (normalization factors after 
Taylor and McLennan, 1985) for the impactite samples.  
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The lower suevite (S1) and polymict impact breccia (P2, P3) subunits show slightly 
lower overall La/Yb ratios in comparison to the rest of the impactite subunits (Figure 
3.19B). The two outliers, RG11 (at 1396.03 m depth) and RG26 (at 1424.85 m depth), 
both display high La/Yb ratios (Figure 3.19B). Rare earth element patterns for the 
individual subunits of the impactite sequence do not show significant differences in 
comparison to the patterns for the mica schist of the basal crystalline section, the 
cataclastic gneiss of the impact breccia section and the granitic gneiss of the 
megablock (Figure 3.20A, B and C; Schmitt et al., 2009). 
 
 
 
 
      
       
       
       
       
       
       
       
       
       
       
       
       
       
      ♦ Upper suevite 
      □ Suevite 
      ▲ Impact melt rock 
      ∆ Cataclastic gneiss 
      ■ Polymict impact breccia 
       
      
 
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
 
Figure 3.19: (A) La/Th and (B) La/Yb ratios for all analysed impactite samples plotted against 
depth.  
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A. 
 
B. 
 
C. 
 
 
 
Figure 3.20: C1 Chrondrite-normalized REE distribution patterns for (A) mica schist of the 
crystalline basement, (B) cataclastic gneiss of the impactite sequence and (C) granitic gneiss of 
the megablocks (data after Schmitt et al., 2009; normalization factors after Taylor and 
McLennan, 1985).  
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For the comprehensive standard error data set (including precisions and accuracies) 
for major element oxides, XRF trace elements and ICP-MS trace elements refer to 
Appendix 2f. 
 
3.7 Discussion 
Quantitative data collected for the geochemical characterisation of the impactites from 
the Eyreville B drill core in this study can be compared to the results by Bartosova et 
al. (2009b) and Schmitt et al. (2009). Bartosova et al. (2009b) and Schmitt et al. 
(2009) collected and analysed 85 and 174 impactite samples, respectively.  
 
In agreement with this study, Bartosova et al. (2009b) and Schmitt et al. (2009) both 
noted that the impactite samples generally display a slight decrease in SiO2 and a 
slight increase in TiO2, Al2O3, Fe2O3 and MgO with depth. The decrease in SiO2 with 
depth could be a result of the decrease in the relatively silica-rich sedimentary clasts. 
Both Bartosova et al. (2009b) and Schmitt et al. (2009) noted a CaO decrease with 
depth, whereas this study found no significant trend in CaO with depth, but this could 
be owing to the smaller sample suite analysed here; care was also taken to ensure no 
carbonate pods or veins were analysed in any sample. Schmitt et al. (2009) noted that 
there is enrichment in Na2O in the upper suevite (SU), which is comparable with 
findings of this study. Both authors noted a negative correlation of TiO2, Al2O3, Fe2O3 
and MgO with SiO2, which correlates with the observations for this study; however, 
both stated that there is no correlation of Na2O, K2O and CaO with SiO2, whereas this 
study showed that there is a slight positive and very weak negative correlation of 
Na2O (Figure 3.1G) and K2O (Figure 3.1H) with SiO2, respectively. 
 
The average K2O content of the impactite sequence (Table 3.4) is 3.05 wt% (3.2 wt% 
observed by Schmitt et al., 2009), which is higher than the average K2O content of the 
continental crust (2.6 wt%; Wedepohl, 1995). This observation suggests that the K2O 
enrichment throughout the impactite sequence is a result of post-impact alteration as 
well as of the generally high K2O content of the basement target rocks, in particular 
the granite and mica schist (Figure 3.2G; Schmitt et al., 2009; Townsend et al., 2009). 
Overall, Ca, K, Na and Fe are highly mobile elements and are generally leached out of 
rocks, which can essentially contribute to alteration (Coney et al., 2007a). 
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The LOI is shown to increase with depth in the upper impactites and decrease into the 
lower impactites (Figure 3.4A), whereas Bartosova et al. (2009b) observed that the 
LOI showed a general progressive increase with depth. Schmitt et al. (2009) showed a 
positive correlation of CaO with LOI, which is in disagreement with this study, as 
little to no correlation between CaO and LOI was observed (Figure 3.4B).   
 
The impactites have been shown to be slightly more abundant in aluminous and iron-
rich minerals and less abundant in K2O+Na2O (Figure 3.8) in comparison to the 
basement-derived target rocks, which is comparable to observations and analyses by 
Bartosova et al. (2009b) and Schmitt et al. (2009). The analyses in this study show 
that the igneous clasts in the impactite sequence are slightly lower in SiO2 in 
comparison to the sedimentary and metamorphic clasts. Sedimentary and 
metamorphic clasts contain up to 77 wt% SiO2, whereas the igneous clasts are up to 
75 wt% SiO2. This study, Bartosova et al. (2009b) and Schmitt et al. (2009) all reveal 
that the lithic clasts, in general, display a very low CaO content. The lithic clasts, in 
general, show a negative trend of TiO2, Fe2O3, Al2O3, MnO and MgO with SiO2 and 
little to no correlation of CaO, Na2O and K2O with SiO2 (Figure 3.9).   
 
In general, Rb, Zr, Cr, Ni, Zn and V show an increase in abundance with depth, 
whereas Sr and Ba display no trend with depth. Overall, the impactites are generally 
rich in lithophile and chalcophile elements and poor in siderophile elements. All 
analysed impactite samples from this study are enriched in REE relative to chrondritic 
abundances and show relatively similar REE patterns. Light REE are enriched over 
heavy REE. The impactite samples show relatively similar REE patterns to the schist 
of the basement-derived section, the cataclastic gneiss, and the granitic gneiss of the 
megablock. These results are comparable to Bartosova et al. (2009b) and Schmitt et 
al. (2009).  
 
3.8 Summary 
The impactite samples from the Eyreville B drill core show only slight differences in 
their major and trace geochemical signatures; these differences cannot be considered 
significant. Major and trace element patterns are relatively constant with depth.  
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The upper impactite unit displays slightly higher SiO2 and Na2O abundances and 
lower TiO2, Al2O3, Fe2O3, MgO and K2O in comparison to the lower impactites. The 
increase in TiO2, Al2O3, Fe2O3, MgO and K2O with depth is due to the increase in 
mafic gneiss and mica schist with depth as these metamorphic components are 
relatively enriched in these oxides (Figure 3.10; Table 3.7). These interpretations are 
in agreement with the petrographic observations made in Chapter 2, with the upper 
impactites dominated by sedimentary and igneous clasts such as shale, sandstone, 
quartz pegmatoid and granitoid and the lower impactites primarily composed of 
metamorphic clasts such as phyllite, mica schist and felsic and mafic gneiss, with 
minor granitoid. The upper impactite unit, particularly the upper suevite (SU) subunit, 
is Na2O-rich in comparison to the lower impactite unit. This Na2O enrichment is due 
to either the higher granitic clast component or the presence of seawater in the upper 
impactites (Schmitt et al., 2009; Wittmann et al., 2009b). The granitoid component is 
unlikely to be the cause of the higher Na2O contents because K2O and Rb do not show 
similar high abundances in the upper impactites. The upper impactites are chemically 
comparable to the calc-silicate, granite gneiss, granite, pegmatite, phyllite and 
sedimentary clasts and basement and megablock lithologies, whereas the lower 
impactites are comparable to the amphibolite, mica schist and phyllite of the target 
rocks (also Schmitt et al., 2009 and Townsend et al., 2009).  
 
The impact melt rock, cataclastic gneiss and lower polymict impact breccia samples 
have, in general, compositions that are similar to the suevites, with significant 
differences shown only in the depletion of MgO in the impact melt rock and lower 
contents of Rb and Ba in the cataclastic gneiss. Analysis shows that the matrix and 
bulk rock material are composed of a mixture of minerals (quartz, feldspar and mica) 
with mineral compositions resembling those found in the granite and granite gneiss 
from the basement section and megablock, with a smaller contribution derived from 
the mica schist and amphibolite. Overall, the lithic clasts are highly variable in 
composition, with the igneous clasts showing lower SiO2 abundances in comparison 
to the sedimentary and metamorphic clasts. In general, there is a very low CaO 
content within the lithic clasts of the impactite sequence.  
 
With regards to the hydrothermal alteration in the impactite sequence, there is little to 
no correlation between LOI and CaO abundances and, thus, LOI is not primarily 
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caused by the presence of carbonate pods or veins; instead it may be linked to other 
effects such as organic matter and secondary phyllosilicates such as smectite. The LOI 
shows a slight decrease with depth, which correlates with petrographic observations, 
as the lower impactites are less altered in comparison to the upper impactites. The 
higher proportion of alteration in the upper impactites could be a result of the larger 
sized melt clasts which alter far more readily than lithic clasts. The secondary 
phyllosilicates, carbonate veins and smectite indicate post-impact hydrothermal 
alteration.  
 
The impactites are, in general, enriched in lithophile and chalcophile elements but not 
in siderophile elements. The trace elements generally show an increase in abundance 
with depth. The analysed impactite samples are all enriched in rare earth elements 
(REE) relative to C1 chrondritic abundance and generally show similar REE patterns 
to one-another. The samples show REE patterns sloping down towards the heavy 
REE. Overall, the impactites show relatively similar REE patterns to the schist of the 
basement-derived section, the cataclastic gneiss and the granitic gneiss of the 
megablock. 
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Chapter Four: Petrographic and Geochemical Analysis of Melt Clasts 
 
4.1 Introduction 
Mineral and rock melts form at shock pressures between ~ 45 and 100 GPa (Chao, 1967; 
Stöffler, 1972, 1984; Peredery, 1972, Stöffler and Langenhorst, 1994; French, 1998) and, 
as such, are most likely to have been derived from target rocks relatively close to the 
point of impact (see Section 1.3.3; Table 1.1; Figure 1.7). However, the violence of the 
impact process and mechanics of crater formation may disperse these melts over a 
considerably larger area. Consequently, considerable attention is devoted to 
understanding not only their original derivation but also their subsequent transport and 
incorporation into a variety of impact-related breccias (Stöffler and Grieve, 2007). In this 
particular study, melt clasts have been observed and described according to chemical 
composition, shape, size, texture, alteration and colour, which allows for the 
interpretation of the precursor target rocks and subsequent transport and depositional 
processes of the melt clasts (see Chapter 6; Section 6.2.1 and 6.6.1). Through micro- and 
macroscopic analysis, 2 types of melt clasts were identified, which is broadly comparable 
to results obtained by Horton et al. (2009a), Schmitt et al. (2009) and Wittmann et al. 
(2009).  
 
4.2 Methodology 
For detailed micro- and macroscopic petrographic observations, 65 hand samples and thin 
sections as well as 52 core boxes were analysed. Scanning electron microscopy (SEM) 
was undertaken at the Museum of Natural History, Humboldt University in Berlin, 
Germany, in order to examine the melt clasts with regard to their general chemical 
compositions and textures. The SEM work was performed using a JEOL-JSM 6300 
instrument at 15kV acceleration voltage and melt clasts were observed in the 
backscattered electron (BSE) mode. Major element compositions of melt clasts from 12 
samples (RG12, RG16, RG16a, RG19, RG20, RG22, RG24, RG25, RG90, RG101, 
RG114 and RG118) were determined using electron microprobe analysis (EMPA) at the 
Museum of Natural History, Humboldt-University in Berlin, Germany and at the 
University of Pretoria, Pretoria, South Africa. A JEOL JXA 8800 machine was used for 
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the EMP analysis with wavelength-dispersive spectrometers, which was operated at 15 
kV voltage and with a beam current of 15 nA. The analysis used a beam diameter of 10 
µm. A total of 194 points (on melt clasts) were analysed from the samples obtained 
throughout the impactite sequence. The poor state of preservation of many of the 
samples, together with problems with thin section preparation, alteration and vesicles in 
the glasses may have contributed to the high proportion of analyses with low totals. In the 
end, EMPA totals greater than 80 wt% were used, as anything less was an indication of 
highly altered areas and possibly even holes in the thin section. Appendix 3a provides the 
original electron microprobe data set (before removal of poor analyses and totals lower 
than 80 wt%). Similarities in the results of the data sets 90 – 100 wt% and 80 – 89 wt%, 
suggests that the lower totals can be used for further additional chemical analysis. 
 
4.3 General Characteristics of Melt Clasts in the Impactite Sequence 
Two types of melt clasts were identified via macroscopic and microscopic analysis and 
EMPA: 1) banded, unaltered to highly altered melt clasts that are white (macroscopic 
colour; colourless in thin section), green (micro- and macroscopic colour) and light 
brown (micro- and macroscopic colour) in colour; light brown melts may contain 
diaplectic quartz glass inclusions; light to dark brown/black schlieren are evident with 
rare vesicles and are amoeboid, irregular, angular to elongated in shape; and 2) generally 
massive (some minor banding), with smectite alteration, dark brown (micro- and 
macroscopic colour) and black (microscopic colour; dark grey in hand sample) in colour; 
dark brown melt clasts may contain diaplectic quartz glass inclusions; lack in flow 
structures; they are amoeboid, oval to rounded in shape.  
 
4.3.1 Macroscopic Characteristics of Melt Clasts 
Based on macroscopic observations, the melt clasts comprise 12.4 vol% of the total clast 
population across the impactite sequence (excluding the cataclastic gneiss blocks and 
boulders; Table 4.1; see Chapter Two, Table 2.5). The melt clasts are an order of 
magnitude more abundant in the upper impactites (on average 22.1 vol% of the total clast 
population) compared with the lower impactites (on average 2.5 vol% of the total clast 
population; Table 4.1; Figure 4.1A and B). Slight variations in abundance occur within 
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the upper and lower impactites (see Chapter Two; Table 2.6), but a general overall 
decrease in melt abundance with depth is evident (Figure 4.1A and B). Individually, type 
1 (white (colourless in thin section), green and light brown) melt clasts are the most 
common (69.2 rel% of the melt clast population), whereas the type 2 (dark brown and 
black) melt clasts contribute only 30.8 rel% to the total amount of melt clasts (Table 4.1; 
Figure 4.2A, B, C and D).  
 
Table 4.1: Macroscopic analysis of the melt clast abundance throughout the impactite sequence, data 
for the upper and lower impactite units (data in vol% and rel%).  
Unit Impactite sequence   Upper impactites   Lower impactites   
Depth (m) 1396.03 - 1537.67   1396.03 - 1474.05   1474.05 - 1537.67   
  
  vol%   vol%   vol% 
Total clast count 2467  1245  1222   
Total melt 305 12.4 275 22.1 30 2.5 
  
        
  
  rel%  rel%   rel% 
Type 1  211 69.2 185 67.3 16 53.3 
Type 2 94 30.8 90 32.7 14 46.7 
  
            
Type 1   rel%  rel%  rel%  
  - Light brown 69 32.7 55 29.7 4 25.0 
  - Green 105 49.8 95 51.4 10 62.5 
  - White 37 17.5 35 18.9 2 12.5 
Type 2 94 30.8 90 32.7 14 46.7 
  - Dark brown 20 21.3 23 25.6 7 50.0 
  - Black 74 78.7 67 74.4 7 50.0 
 
The type 1 melt clasts show a general decrease in abundance with depth (Figure 4.3A and 
B) with highest abundances in the impact melt rock (M1 and M2), suevite (S2) and 
polymict impact breccia (P4) subunits. Overall, the green melt clasts show the highest 
abundance of all melt clasts in type 1 (49.8 rel%), with light brown (32.7 rel%) and white 
(17.5 rel%) melts contributing slightly smaller amounts (Table 4.1). The type 2 melt 
clasts display an overall decrease in abundance with depth (Figure 4.3A and B); however, 
they show more local variation in abundance with depth in comparison to type 1 melt 
clasts. The black melt clasts show the highest abundance of all melt clasts in type 2 (78.7 
rel%), with dark brown melts contributing 21.3 rel% (Table 4.1).  
 
Overall, the melt clasts vary in shape in the upper impactite unit from amoeboid and 
elongated in the upper levels to ovoid and highly rounded with increasing depth (Figure 
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4.2A, B and C), whereas the lower impactite melt clasts are generally more varied, 
rounded to angular in shape (Figure 4.2D; see Chapter Two, Table 2.7, Table 4.2), 
possibly indicating more transport damage in the lower impactites. With regards to the 
individual melt clast characteristics (Table 4.2), the type 1 melt clasts generally change in 
shape from amoeboid to irregular with depth (Figure 4.2A, B and C) whereas the type 2 
melt clasts are amoeboid to oval in shape (Figure 4.2A, C and D).  
 
 
 
 
     
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
 
Figure 4.1: Variation of the modal abundance of melt from macroscopic analysis (data in vol%) with 
depth, throughout the A) upper impactites and B) lower impactites of the impactite sequence of the 
Eyreville B drill core. Overall melt abundance decreases with depth, but with local variation.  
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Figure 4.2: Core box photographs of the upper and lower impactites, displaying colour, shape and 
textural variations of melt clasts. The upper, matrix-supported impactites (A, B and C) have more 
abundant melt clasts than the lower, clast-supported unit (D). A) Box 231, depth = 1399.31 m; white 
(macroscopic colour), highly angular melt (T1) clasts with slight brownish-grey alteration; fluidal-
textured, amoeboid to ovoid, dark brown (T2) and green (T1) melt clasts with white alteration rims; 
angular, black (T2) melt clasts with white alteration rims. B) Box 232, depth = 1404.18 m; white, 
laminar melt clasts (T1) showing schlieric flow textures, as well as alternating light and dark brown, 
elongated melt (T1) clasts, in a dark grey-black matrix. C) Box 237, depth = 1416.22 m; strong 
fluidal-textured, elongated light greenish-brown (T1) melt clasts; highly fractured, black melt clasts 
(T2) with alteration along the rim and in cracks. D) Box 269, depth = 1508.61 m; clast-supported 
breccia containing rounded to highly angular, elongated, dark brown melt clasts (T2). 
A B C D 
T1 
T1 
T2 
T2 
T2 
T1 
T1 
T1 
T1 
T2 
T2 
T2 
 151 
The average size of the melt clasts in the upper impactites is 7.1 cm (with a range 
between 3.2 and 13.2 cm) and 5.4 cm in the lower impactites (ranging between 4 and 
11.0 cm; whole-core analysis; Table 4.2; Table 2.7), thus according to the mean values, 
the melt clasts show an apparent decrease in size with depth. The maximum size for the 
type 1 melt clasts is 13.2 cm, whereas the maximum size observed for the type 2 melt 
clasts is 6.7 cm (Table 4.2; Table 2.7). 
 
With regards to texture, the type 1 melt clasts generally display flow structures 
(schlieren) that vary in colour, from light to dark greenish-brown to brownish-black, 
whereas the type 2 melt clasts are generally massive and lack flow structures (Figure 4.2, 
4.4, 4.5, 4.6, 4.7 and 4.8). With regards to alteration, all melt clasts observed in the hand 
samples showed some form of alteration, with most if not all being altered to 
phyllosilicate minerals such as smectite (Figure 4.2A, 4.4, 4.5, 4.6, 4.7 and 4.8). Many of 
the melt clasts display white alteration (carbonate or chalcedony) rims and in general, the 
white melt clasts to alter brown, while the brown, green and black melt clasts alter to 
white (Figure 4.2A and C; 4.7).  
 
 
 
 
        
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
 
Figure 4.3: Type 1 and type 2 melt clast abundances from macroscopic analysis (data in rel%) 
varying with depth throughout the A) upper and B) lower impactite units of the impactite sequence.  
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4.3.2 Microscopic Characteristics of Melt Clasts 
Based on microscopic observations, the melt clasts comprise 5.7 vol% of the total clast 
population across the impactite sequence (Table 4.3; see Chapter Two, Table 2.2). The 
melt clasts are more abundant in the upper impactites (on average 9.0 vol% of the total 
clast population) in comparison to the lower impactites (on average 1.0 vol% of the total 
clast population; Table 4.3; Figure 4.9A and B). Local variation in the melt abundance 
occurs within both the upper and lower impactites (see Chapter Two, Table 2.6), and an 
overall decrease in melt abundance occurs with depth across both units (Figure 4.9A and 
B). 
 
Table 4.2: Differences (through macroscopic and microscopic observations) in colour, shape, size, 
texture, inclusions and other characteristics of the melt clasts occurring throughout the impactite 
sequence of the Eyreville B drill core. 
  Type 1 Type 2 
Colour White (macroscopic colour; colourless for microscopic analysis), light Dark brown and black for micro- and 
  
brown and green (for micro- and macroscopic analysis)   macroscopic analysis 
  
   
Shape Amoeboid, elongated, angular to irregular Amoeboid, oval to rounded 
  
   
Microtextures, inclusions Light to dark brown/black schlieren, rare deformed   Colourless diaplectic quartz inclusions, massive,  
  
vesicles, opaque (black) diaplectic quartz inclusions  lack in flow structures 
  
   
Alteration  Unaltered to highly altered Altered to smectite 
  
   
Maximum  2.3 2.0 
microscopic size (cm)    
  
   
Maximum macroscopic 13.2 6.7 
size (cm)     
 
Individually, type 1 (colourless (white in hand sample), green and light brown) melt 
clasts constitute the highest abundance of melt (within the melt clast population), with 
66.7 rel%, whereas the type 2 (dark brown and black) melt clasts contribute 33.3 rel% (of 
the total melt clast population; Table 4.3). Figures 4.10A and B show the variation of the 
melt clast abundances with depth. The type 1 melt clasts show a general decrease in 
abundance with depth (Figure 4.10A and B) with highest abundances in the impact melt 
rock (M1 and M2), suevite (S2) and polymict impact breccia (P4) subunits.   
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Figure 4.4: Different melts observed in the impactite sequence. Sample RG18, suevite (S3), sample 
depth = 1413.71 m. A). Hand specimen photograph showing light to dark grey, matrix-dominated 
suevite with amoeboid and elongated dark grey and light to dark brown melt (M) with flow 
structures and elongate clasts; and clasts of light grey, fractured granitoid (G), smaller quartz (Qtz) 
and laminated, black shale (Sh). Scale = 50 mm. B) Photomicrograph of elongated and irregular 
shaped, light green and brown melts showing flow structures in an altered, dark brownish-green 
suevite matrix. Image width = 5 mm, plane polarised light (PPL). C) Backscattered electron image 
showing elongated melt (M) clast with schlieren (light grey, SiO2-rich and dark grey, Al2O3-rich 
bands), altered to clay/phyllosilicate (solid circle) with a filled vesicle in the centre. Scale = 200 µm.  
A 
B C 
M 
M 
Sh 
G 
Qtz 
M 
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Figure 4.5: Different melt clasts observed in the impactite sequence. Sample RG22, suevite (S3), 
sample depth = 1420.23 m. A) Hand specimen photograph showing light to dark grey, matrix-
dominated suevite with clasts of light grey felsic gneiss (Fg) with quartz veins and of conglomerate 
(Cn); dark brown-black shale (Sh); elongated to highly rounded, altered, light greenish-brown melt 
clasts (M); dark brown melt (M) clast, altered to smectite. Scale = 50 mm. B) Photomicrograph of 
alteration patches and elongated melt clasts, with schlieric texture and dark brown, and colourless 
bands; quartz clasts are also evident (Qtz). Image width = 5 mm, PPL. C) Backscattered electron 
image of melt clast showing light and dark grey flow bands and patches with diffuse margins, 
alteration along a fracture through the light grey melt (dashed circle). The darker grey bands show 
edges of welded fragments or flattened vesicles. Quartz clast contains white iron oxide grains. Scale = 
400 µm.   
A 
B C 
Fg 
Sh 
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Figure 4.6: Melts observed in the impactite sequence. Sample RG24, suevite (S3), sample depth = 
1420.51 m. A) Hand specimen showing a light to dark grey, clast-dominated suevite with clasts of 
white, angular carbonate (C); dark grey, angular, mafic gneiss (Mg) with a white, quartz vein (Qtz); 
angular, black shale (Sh) clasts; elongated (schlieric), greenish-brown melt (M) clasts, some altered to 
smectite. Scale = 50 mm. B) Photomicrograph showing highly altered and fluidal, rounded, dark 
greenish-brown melt clast with evident flow structures of alternating dark brown, and black bands. 
Image width = 4 mm, PPL. C) Backscattered electron image of highly altered, fluidal melt clast (M) 
with feather-like interfingering of alternating light and dark grey bands; a distorted collapsed vesicle 
is evident in the middle of the melt clast; convoluted melt types (light and dark grey; solid circle) with 
vesicles; mottled appearance is due to elongated aggregates of phyllosilicate minerals. White 
inclusions of iron oxides; sharp, lower margin of the melt clast indicates breaking of the melt after 
quenching. Scale = 400 µm.  
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Figure 4.7: Different melts observed in the impactite sequence. Sample RG29, suevite (S3), sample 
depth = 1428.02 m. A) Hand specimen photograph showing light grey to brown, matrix-dominated 
suevite with highly altered, dark-yellowish-brown, angular melt (M) clasts; light green, altered, 
angular to well-rounded melt (M) clasts exhibiting white alteration rims; melts have been altered to 
smectite; angular, laminated, black shale (Sh) clasts; clasts of white, angular carbonate (C) and light 
grey felsic gneiss (Fg) are present. Scale = 50 mm. B) Photomicrograph indicating altered, highly 
fluidal and elongate, light to dark brown melt clasts, displaying flow structures marked by dark grey 
quartz inclusions (dashed circle). Image width = 4 mm, PPL. C) Backscattered electron image of 
elongate, fluidal melt clast with flow structures; the melt clast encloses matrix material and mineral 
clasts; granular appearance is caused by spherulitic aggregates of phyllosilicates. Scale = 70 µm.  
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Figure 4.8: Different melts observed in the impactite sequence. Sample RG101, suevite (S1), sample 
depth = 1464.92 m. A) Hand specimen photograph showing medium to dark  grey, matrix- to clast-
supported suevite containing highly altered, elongated greenish-brown melt (M) clasts; melt clasts 
have been altered to smectite; angular laminated, black shale (Sh) clasts; light grey, angular felsic 
gneiss (Fg) containing white carbonate veins (C). Scale = 50 mm. B) Photomicrograph showing light 
brown, elongate melt clast with flow structures; melt clasts show embayment and alter to smectite. 
Image width = 4 mm, PPL. C) Backscattered electron image of melt (M) clasts which are elongate 
and fluidal-textured with distinct flow structures; the melt clasts are highly altered and contain small 
aggregates of phyllosilicate minerals (dashed circle). Scale = 200 µm.   
A 
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The light brown melt clasts show the highest abundance of all melt clasts in type 1 (41.5 
rel%) with green (30.1 rel%) and colourless (28.3 rel%) melt clasts contributing smaller 
amounts (Table 4.3). The type 2 melt clasts show a general decrease in abundance with 
depth (Figure 4.10A and B), with more local variation in their abundance with depth in 
comparison to type 1 melt clasts. The black melt clasts show the highest abundance of the 
type 2 melt clasts (51.5 rel%), with dark brown melt clasts contributing 48.5 rel% (Table 
4.3). 
 
Similarly to the macroscopic observations, the melt clasts vary with depth in shape in the 
upper impactite unit from amoeboid and elongated to highly rounded (Figure 4.4, 4.5, 
4.6, 4.7, 4.8), whereas the melt clasts in the lower impactite unit are generally more 
angular with depth (see Chapter Two, Table 2.4, 4.2). The variation is shape between the 
upper and lower impactite melt clasts, is due to the process of deposition of the melt 
clasts, aerial (upper impactites) versus ground surge (lower impactites). In comparison to 
the macroscopic observations, the type 1 melt clasts generally change in shape from 
amoeboidal and elongated to sub-rounded to angular with depth (Figure 4.4, 4.5, 4.6, 4.7; 
Table 4.2), whereas the type 2 melt clasts are generally elongated to oval in shape (Figure 
4.4, 4.5, 4.6, 4.7; Table 4.2).  
 
Table 4.3: Microscopic analysis of the melt clast abundance throughout the impactite sequence 
(upper and lower impactite units) (data in vol% and rel%).  
Unit Impactite sequence   Upper impactites   Lower impactites   
Depth (m) 1396.03 - 1537.67   1396.03 - 1474.05   1474.05 - 1537.67   
  
 vol%  vol%  vol% 
Total count 30438  17847  12591   
Total melt 1726 5.7 1601 9.0 125 1.0 
  
       
  
 rel%  rel%  rel% 
Type 1 1151 66.7 1040 65.0 97 77.6 
Type 2  575 33.3 561 35.0 28 22.4 
  
            
Type 1  rel%  rel%  rel% 
  - Light brown 478 41.5 434 41.7 30 30.9 
  - Green 347 30.1 319 30.7 28 28.9 
  - Colourless 326 28.3 287 27.6 39 40.2 
Type 2  575 33.3 561 35.0 28 22.4 
  - Dark brown 279 48.5 279 49.7 14 50.0 
  - Black 296 51.5 282 50.3 14 50.0 
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Figure 4.9: Variation of modal melt abundance (determined by microscopic analysis; data in vol%) 
with depth, throughout the A) upper impactites and B) lower impactites of the impactite sequence 
from the Eyreville B drill core. It is evident that melt abundance decreases with depth.  
 
The size of melt clasts varies between 0.3 and 2.3 cm in the upper impactites and 0.6 and 
0.7 cm in the lower impactites (Table 4.2; Table 2.4), thus suggesting that the size of the 
melt clasts decreases with depth (Figure 4.11A and B). The maximum size for the type 1 
melt clasts is 2.3 cm whereas the maximum size observed for the type 2 melt clasts is 2.0 
cm (Table 4.2; Table 2.4). The larger melt clasts would have possibly stayed hotter for 
longer, thus they are more likely to have been plastically deformed during and 
immediately after post-deposition, whereas the smaller clasts may be more angular 
because they represent broken fragments from clasts that quenched earlier.  
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Figure 4.10: Type 1 and type 2 melt clast abundances from microscopic analysis (data in vol% 
relative to the total melt clast content), versus depth, throughout the A) upper and B) lower impactite 
units of the impactite sequence.  
 
 
 
 
        
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
 
Figure 4.11: Maximum melt clast lengths, in cm, for the upper impactite (A) and the lower impactite 
(B) units of the Eyreville B drill core. 
 
As shown in Figure 4.11A, the melt clasts (barring the 4 outliers) show a general increase 
in size with depth until 1476.79 m, which is the boundary between the upper and lower 
impactites, suggesting that the upper impactites are graded (i.e., the larger melt clasts in 
the upper impactites landed first from the deposition of the ejecta plume). The larger melt 
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clasts may indicate turbulence or erratic deposits of larger oval-shaped fragments. The 
melt clasts then display a general size decrease with slight variations towards the base of 
the lower impactites (Figure 4.11B). Most of the melt clasts are, however, similar in size 
in the upper and lower impactite units (<0.7 cm).  
 
Detailed analysis shows that the melt clasts generally exhibit laminations (Figure 4.4, 4.5, 
4.6, 4.7, 4.8) that vary in colour from light to dark brown and dark brownish-black. Not 
all of the macroscopically observed laminations currently lie horizontally in the core, 
generally the larger melt clasts lie horizontally; this would suggest general plastic 
deformation during aerial transport before deposition. The vertically laminated melts 
suggest quenching before deposition and thus explains the angular-shaped clasts and the 
sharp broken edges of laminated clasts.   
 
Thin section and SEM images show that the melt clasts in contact with matrix and 
mineral clasts either pinch out towards their long ends, completely enclose the material or 
display highly angular to concave edges (Figure 4.4, 4.5, 4.6, 4.7 and 4.8). The melt 
clasts commonly contain inclusions (Figure 4.6 and 4.8; Table 4.2) and these inclusions 
are commonly observed to be diaplectic quartz glass and are well rounded in shape.  
 
Microscopic melt clast alteration was only observed in the upper impactites (Figure 4.4, 
4.5, 4.6, 4.7, 4.8 and 4.12), which is in agreement with the CIA analysis (see Chapter 
Three, Section 3.3.3) and was generally seen in all melt types. Scanning electron 
microscopic (SEM) images generally show elongated melt clasts that show varying 
degrees of light and dark grey to black banding (Figure 4.4, 4.5, 4.6, 4.7, 4.8 and 4.12). 
 
4.4 Characteristics of the Melt Clasts in the Upper Impactites 
4.4.1 Macroscopic Analysis 
Overall, melt clast abundance in the upper impactites relative to the mineral and lithic 
clasts is 22.1 vol% (Table 4.1). With regards to the melt population of the upper 
impactites, the type 1 melt clasts are more abundant (67.3 rel%) than the type 2 melt 
clasts (32.7 rel%; Table 4.1). Individually, the green melt clasts show the highest 
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abundance of all the melt clasts in type 1 (49.8 rel%) with light brown (32.7 rel%) and 
white (17.5 rel%) melts contributing smaller abundances (Table 4.1). The black melt 
clasts contribute the highest abundance of all the melt clasts of type 2 (78.7 rel%) with 
dark brown melts contributing 21.3 rel% (Table 4.1). 
 
Overall, the upper section (SU, S3, M2 and S2 subunits) contains substantially more melt 
clasts than the lower section (BC, M1 and S1 subunits) of the upper impactites (Figure 
4.1A; Table 2.6). The suevites contain variably-coloured melt clasts, predominantly 
black, brown, green and white (Figure 4.2A, B and C, 4.4, 4.5, 4.6, 4.7 and 4.8), that vary 
from amoeboidal and elongated to sub-angular and angular in shape. The melt clasts 
commonly display deformed vesicles and fluidal structures (schlieren; Figure 4.2A, B and 
C; Table 4.2). 
 
The upper suevite (SU) subunit melt clasts comprise 26 vol% of the total clast 
abundances (Table 2.6). The melt clasts are generally darker green and brown in colour 
compared to those of the underlying subunits and are generally elongated and angular in 
shape (Table 2.7). Dark greenish-black melt pods up to 11 cm in size are observed at 
depths of 1399.12 m (Figure 4.2A). The abundance of melt clasts in the clast-rich impact 
melt rock (M2) subunit is 35.3 rel% (Table 2.6). This subunit generally contains white 
(Figure 4.2B) melt clasts that are highly altered with evident flow bands and that are 
generally elongated in shape. The maximum size of the individual melt clasts within the 
upper suevite (SU) subunit is 7.3 cm (Table 2.7). The abundance of melt clasts in the 
suevite (S3, S2, S1) subunits ranges from 19 to 24.2 and 13.5 vol%, respectively, 
indicating that, with depth, the melt abundance in the suevite subunits decreases (Figure 
4.1; Table 2.6). The measured maximum sizes of the melt clasts within the individual 
suevite (S1, S2, S3) subunits are 13.2, 9.6 and 3.2 cm, respectively (Table 2.7). In 
general, the suevite subunits display an increase of alteration (Figure 4.4, 4.5, 4.6, 4.7 and 
4.8) in comparison to the underlying subunits of the impactite sequence.  
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Figure 4.12: Thin section photographs and backscattered electron images of melt clasts. A) Sample 
RG22, suevite (S3), sample depth = 1420.23m. A1) Photomicrograph showing dark greyish-green, 
altered matrix with colourless and black, angular oxide inclusions (dashed circle); light greenish-
brown, altered melt (M) clast with flow structures. Image width = 5mm, PPL. A2) Backscattered 
electron image of highly altered (containing phyllosilicate aggregates), elongate melt (M) clast with 
slight deformation, quartz (Qtz), feldspar (Fsp) and mica (Mic). Scale = 300 µm. B) Sample RG24, 
suevite (S3), sample depth = 1420.51 m. B1) Photomicrograph showing altered, elongate, colourless 
(microscopic colour) melt (M1) clasts; a combination of fluidal and altered, brown (M2) and green 
(M4) melt clasts, with fractures cutting across the clasts (solid circle). Image width = 5 mm, PPL. B2) 
Backscattered electron image of altered (containing white oxides) and brecciated melt clasts with 
obvious fluidal texture, enclosing feldspar clasts. Scale = 400 µm. 
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4.4.2 Microscopic Analysis 
Microscopically, the melt clast abundance in the upper impactites besides matrix and 
lithic clasts is 9.0 vol% (based on point counting analysis, explained in Chapter Two, 
Section 2.2; Table 4.3). With regards to the melt population of the upper impactites, the 
type 1 melt clasts are more abundant (65 rel%) than the type 2 melt clasts (35 rel%; Table 
4.3). Individually, the light brown melt clasts display the highest abundance of all melt 
clasts in type 1 (41.7 rel%) with green and colourless melts contributing 30.7 and 27.6 
rel%, respectively (Table 4.3). The black melt clasts contribute the highest melt 
abundance of all the melt clasts of type 2 with 50.3 rel%, whereas the light brown melt 
clasts contribute 49.7 rel% (Table 4.3). Analysis of the individual thin sections shows that 
the upper section (SU, S3, M2 and S2) subunits contain substantially more melt than the 
lower section (BC, M1 and S1) subunits of the upper impactites, which is comparable to 
the macroscopic observations (Figure 4.9A; Table 2.3). Similarly, microscopic 
observations show that the suevites contain a variety of melt clasts that are commonly 
elongated and sub-angular to angular in shape (Figure 4.4, 4.5, 4.6, 4.7 and 4.8). Laminar 
flow textures (schlieren) are evident in the melt clasts throughout the upper impactites 
(Figure 4.4, 4.5, 4.6, 4.7, 4.8 and 4.12). Extreme elongation as well as complex flow 
structures have been observed within the melt clasts.  
 
The upper suevite (SU) subunit comprises 10.1 vol% melt clasts besides matrix, mineral 
and lithic clast abundances of the upper suevite (SU) subunit (Table 2.3). The melt clasts 
are generally darker brown, green and black in colour in comparison to those of the 
underlying subunits and are generally elongated (Table 2.4). The abundance of melt 
clasts in the clast-rich impact melt rock (M2) subunit is 15.8 vol% (Table 2.3). This 
subunit generally contains type 1 melt clasts (light brown; Table 2.3) that are highly 
altered to smectite, with evident flow bands and that are elongated in shape. The 
maximum size of the individual melt clasts measured microscopically within the SU 
subunit is 0.4 cm; it is 2.3 cm in the M2 subunit (Table 2.4). The abundance of melt clasts 
in the suevite (S3, S2, S1) subunits ranges from 12.8 vol% in S3 to 6.5 vol% in S2 to 4.4 
vol% in S1 (Figure 4.9A; Table 2.3). The maximum size of melt clasts within the S1, S2 
and S3 subunits is 0.8, 1.6 and 2.0 cm, respectively (Table 2.4). Microscopic observations 
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confirm the macroscopic observations that the suevite subunits are more altered (Figure 
4.4, 4.5, 4.6, 4.7, 4.8 and 4.12) than the underlying subunits.  
 
4.5 Characteristics of the Melt Clasts in the Lower Impactites  
Melt clasts in the lower impactite unit are rare and the overall abundances obtained from 
macro- and microscopic analysis range from 2.5 vol% to 1.0 vol%, respectively (Table 
4.1 and 4.3). With regards to only the lower impactite melt abundances, macro- and 
microscopic observations confirm that the type 1 melt clasts (light brown, green, white 
(colourless in thin section)) dominate with 53.3 rel% and 77.6 rel%, respectively (Table 
4.1 and 4.3) in comparison to the type 2 melt clasts (dark brown and black; 46.7 rel% 
(macroscopic) and 22.4 rel% (microscopic). Macroscopically, the green melt clasts 
contribute the highest abundance in the type 1 melts with 62.5 rel%, with the light brown 
and white melts contributing only 25 and 12.5 rel%, respectively (Table 4.1). 
Microscopically, however, the colourless melts show the highest abundance of melt from 
the type 1 melts (40.2 rel%) with light brown and green melt clasts contributing 30.9 and 
28.9 rel%, respectively (Table 4.3). Macro- and microscopically, both the dark brown and 
black melt clasts from type 2 contribute equal abundances (50 rel%, respectively; Table 
4.1 and 4.3). 
 
All the melt clasts observed macroscopically are strongly altered to smectite and are 
vesiculated and/or brecciated (Figure 4.2D). The maximum micro- and macroscopic melt 
clast sizes measured within the lower impactites are 0.72 and 11.01 cm (see Chapter Two, 
Table 2.4 and 2.7). Microscopically, the polymict impact breccia has an average melt 
abundance of 0.65 vol% relative (Table 2.3), whereas macroscopically, the melt clasts 
make up approximately 1.75 vol% of the clast population (Table 2.6). In general, melt 
clast abundances throughout the entire lower impactite unit are minor but significant. 
 
4.6 Chemical Composition of Melt Clasts in the Impactite Sequence 
As previously stated, the melt clasts from the impactite sequence of the Eyreville B drill 
core have been classified primarily on the basis of composition and internal texture, but 
secondary discriminants are based on colour, shape and size (Table 4.2). The melt clasts 
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were divided into 2 distinct groups: type 1 (banded, light brown, green, white (colourless 
in thin section)) and type 2 (massive with some banding, dark brown and black; see 
Section 4.3). Micro- and macroscopically, the impactite sequence contains both types of 
melt clasts, with an overall higher abundance of the type 1 melt clasts. Microscopically, 
textural variations (banding) and colour based on compositional heterogeneity and 
alteration occur mostly in type 1 melt clasts. This section describes the microchemical 
analysis undertaken on the melt clasts primarily from the upper impactite unit. Reliable 
data were difficult to obtain from the lower impactites as the melt clasts are rare and 
generally highly vesiculated and/or brecciated in thin section (see Section 4.5; Appendix 
3a). Bartosova et al. (2009b) and Schmitt et al. (2009) had similar problems concerning 
the reliability of analytical data for the melt clasts in the lower impactite unit.  
 
As stated previously in section 4.2, major element compositions of melt clasts (a total of 
194 points) from 12 samples were determined using EMPA at the Museum of Natural 
History, Humboldt-University, Berlin, Germany and at the University of Pretoria, 
Pretoria, South Africa. Many of the analyses displayed poor totals (lower than 70 wt%) 
and were rejected (Appendix 3a). The low totals reflected either analysis of holes in the 
thin section or highly altered volatile-rich areas. For the melt clasts of the upper impactite 
unit, the EMPA totals ranged between 60 and 100 wt%. All data with totals greater than 
80 wt% were used after comparison of the analysis with 80 to 89 wt% totals with those of 
> 90 wt% totals. In order to determine whether these data are representative of proper 
melt clast compositions, a ternary plot of Al2O3 – (MgO+FeO) – SiO2 was prepared for 
the melt clasts of the upper impactites, for all data with oxide totals exceeding 90 wt% 
(Figure 4.13A; Appendix 3a) and between 80 and 89 wt% (Figure 4.13B; Appendix 3a), 
respectively. The ternary plots (Figure 4.13A and B) show, that regardless of the cut-off 
totals > 90 wt% and > 80 wt%, the analyses have similar distributions, with regards to the 
major element oxides, and, thus, can be used in determining the melt clast chemical 
composition. The main cluster of melt compositions lies near the SiO2 apex (Figure 
4.13A and B). A number of outliers are shown and these outliers represent opaque 
mineral inclusions that were analysed in the melt clasts.  
 
 167 
A.
SiO20 10 20 30 40 50 60 70 80 90 100
Al2O3
0
10
20
30
40
50
60
70
80
90
100
FeO+MgO
0
10
20
30
40
50
60
70
80
90
100
Melt clasts - > 90 wt% totals
 
B.
SiO20 10 20 30 40 50 60 70 80 90 100
Al2O3
0
10
20
30
40
50
60
70
80
90
100
FeO+MgO
0
10
20
30
40
50
60
70
80
90
100
Melt clasts - 80 - 89 wt% totals
 
 
Figure 4.13: Ternary Al2O3 – SiO2 – (FeO+MgO) diagram for the upper impactite melt clasts, with 
data obtained from EMP analysis (10 µm defocused beam). A) Analyses of melt clasts with totals 
greater than 90 wt%. B) Analyses of melt clasts with totals between 80 and 90 wt%.  
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Appendix 3a displays the modified data set (after the removal of poor analyses and quartz 
compositions). Figure 4.14 and 4.15 shows binary plots of the melt clast composition 
from type 1 and 2, with all the different samples shown separately. It is clear, from the 
data in Figure 4.14 and 4.15 as well as petrographic observations of individual melt 
clasts, that the melt clasts are internally heterogeneous. Generally, the type 1 melt clasts 
vary between 42 and 100 wt% SiO2 (Figure 4.14A), whereas the type 2 melt clasts range 
from 44 to 97 wt% SiO2 (Figure 4.15A; Appendix 3a). Overall, samples RG19, 20 and 22 
display the highest SiO2 values from the type 1 melt clasts (Figure 4.14A), whereas 
samples RG12, 16 and 16a show the highest SiO2 abundances from the type 2 melt clasts 
(Figure 4.15A). Both types of melt clasts are from the lower suevite subunits of the 
impactite sequence. TiO2 values are generally less than 2 wt% in both types of melt clasts 
and overall TiO2 displays no correlation with SiO2 (Figure 4.14A, 4.15A).  
 
In types 1 and 2, no correlation exists between Al2O3 and CaO for generally all of the 
melt clast samples (Figure 4.14B, 4.15B). This suggests that there was no melting of Ca-
Al phases such as plagioclase and amphibole (Figure 4.14B, 4.15B). The Al2O3 content is 
much higher relative to the CaO content for both melt groups, suggesting a high-Al2O3 
and low-CaO phase contributing to the melt clasts. Alteration is clearly evident in the 
melt clasts and thus carbonate, which is evident throughout the impactite sequence, 
contributed to these high-low values.  
 
Al2O3 occurs at up to 35 wt% in both types of melt clasts (Figure 4.14B, 4.15B), whereas 
CaO is generally less than 1.5 wt% for the type 1 melt clasts (Figure 4.14B), with 2 
outliers from samples RG20 and 22. Na2O+K2O show no correlation with Al2O3 for both 
types of melt clasts (Figure 4.14C and 4.15C). Na2O+K2O values reach up to 16 wt% for 
the type 1 melt clasts (Figure 4.14C) and up to 14 wt% for the type 2 melt clasts (Figure 
4.15C). These high values could possibly suggest alteration. 
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Figure 4.14: Binary plots for Type 1 melt clasts of the upper impactite unit, with data obtained from 
EMP analysis (10 µm defocused beam), in the impactite sequence of the Eyreville B drill core. A) 
SiO2 vs. TiO2; B) Al2O3 vs. CaO; C) Na2O+K2O vs. Al2O3; D) MgO vs. FeO. Fields (plagioclase 
(green), K-feldspar (red), biotite (blue), chlorite (yellow), muscovite (dashed line) and amphibole 
(pink)) delineate mineral compositions based on data from this study and Townsend et al. (2009). 
Data in wt%.  
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Figure 4.15: Binary plots for Type 2 melt clasts of the upper impactite unit, with data obtained from 
EMP analysis (10 µm defocused beam), in the impactite sequence of the Eyreville B drill core. A) 
SiO2 vs. TiO2; B) Al2O3 vs. CaO; C) Na2O+K2O vs. Al2O3; D) MgO vs. FeO. Fields (plagioclase 
(green), K-feldspar (red), biotite (blue), chlorite (yellow), muscovite (dashed line) and amphibole 
(pink)) delineate mineral compositions based on data from this study and Townsend et al. (2009). 
Data in wt%.  
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Figure 4.14C shows 2 trends for the melt clast samples. One trend has high Na2O+K2O 
and relatively low Al2O3 abundances, whereas the other trend has relatively low 
Na2O+K2O values and high Al2O3 abundances. Melt clasts from RG19 and 25 display 
low Na2O+K2O abundances and relatively high Al2O3 values suggesting that these 
components may have been derived primarily from amphiboles, micas (muscovite) and 
chlorites (Figure 4.14C and 4.15C), with little plagioclase. Melt clasts from RG16, 16a 
and 20, however, show relatively high Na2O+K2O values and lower Al2O3 abundances 
suggesting that these melt clasts may have been derived predominantly from K-feldspar 
and biotite with very little plagioclase contribution (Figure 4.14C and 4.15C). These plots 
suggest that the melt clasts could be derived mainly from the crystalline basement rocks 
as seen in the Eyreville B drill core. The binary plots, however, do not explain all the 
derivations from the mineral composition spreads and thus, the melt clasts could possibly 
be derived from another source (sedimentary) and not entirely from the crystalline 
basement. 
 
Figures 4.14D and 4.15D indicate that the FeO and MgO contents are weakly correlated, 
suggesting that Fe-Mg phases, such as muscovite and amphibole, were the primary 
source of the melt, rather than iron oxides or sulphides. FeO and MgO abundances show 
a clear negative trend towards the biotite and chlorite fields (Figure 4.14D and 4.15D). 
Melt clast samples RG12, 16, 20 and 25. However, show a closer correlation with 
biotite/chlorite than with muscovite (Figure 4.14D and 4.15D). The type 1 melt clasts 
show abundances of up to 10 wt% FeO and 5 wt% MgO (Figure 4.14D), whereas the 
type 2 melt clasts display abundances of up to 14 wt% FeO and 3 wt% MgO (Figure 
4.15D).  
 
Overall, it is clearly evident that the melt clasts are compositionally heterogeneous (i.e., 
are not made up of one mineral) and consist of a mixture of melted minerals. Specifically, 
the plots show that the melt clasts are a mixture of silica with other minerals, with 
relatively few uncontaminated mineral compositions. Internal variation is 
petrographically indicated by distinct flow bands (Figure 4.4, 4.5, 4.6, 4.7, 4.8 and 4.12). 
Given the intra-clast compositional heterogeneity (as seen in Figure 4.14 and 4.15) that 
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can be tied to petrographic heterogeneity, it is possible that the melt clasts comprise 
incompletely-homogenised mineral melts. In order to evaluate this and distinguish 
possible lithic provenance material for the melt clasts, a number of ternary discrimination 
diagrams have been plotted. Within each diagram, the different melt clast compositions 
were plotted together with representative mineral data (such as K-feldspar, plagioclase, 
amphibole, biotite, chlorite and muscovite) from this study as well as the basement 
lithologies by Townsend et al. (2009). The matrix and the average target rock analyses by 
Bartosova et al. (2009b), Townsend et al. (2009) and Schmitt et al. (2009) are also 
plotted. 
 
Ternary diagrams of Al2O3-SiO2-(MgO+FeO) (Figure 4.16A and B) show that all the 
melt clast samples cluster close to the SiO2 apex with the melt clast compositions having 
roughly equal proportions of Al2O3 and MgO+FeO. Based on the mineral compositional 
fields, these graphs suggest a predominantly quartz and feldspar (plagioclase and K-
feldspar), with some minor amphibole and phyllosilicate, input. The target rock 
lithologies of mainly granite, granite gneiss, mica schist and calc-silicate cluster close to 
the south-east corner (near the SiO2 apex) of the plot, where most of the melt clast data 
lie (Figure 4.16A and B).  
 
Direct overlap between the melt clast and matrix compositions from the upper impactites 
of the impactite sequence is evident (Figure 4.16A and B).  
 
In order to fully comprehend the different inputs of feldspar minerals (mainly plagioclase 
and K-feldspar) as well as target rock lithologies, K2O-Na2O-CaO ternary diagrams of the 
melt clast compositional data (Figure 4.17A and B) were produced. In Figure 4.17B, the 
type 2 melt clasts form a general trend from ~ 100 wt% K2O towards the central region 
between Na2O and CaO apices. RG12, 16 and 16a type 1 melt clasts correspond to the 
plagioclase, K-feldspar, amphibole, biotite and chlorite mineral fields, suggesting these 
melt clasts are pure mineral melt clasts (Figure 4.17A). 
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Figure 4.16: Ternary diagrams for the upper impactites, with data obtained from EMP analysis (10 
µm defocused beam) of A) Type 1 melt clasts and B) Type 2 melt clasts. Fields for analysed minerals 
(from this study and Townsend et al., 2009) as well as matrix (dashed red) and average target rock 
compositions (light dashed = granite; solid line = granite gneiss; light grey = calc-silicate; dark black 
dashed line = mica schist; after Townsend et al., 2009) are plotted as well. Data in wt%.  
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Figure 4.17: Ternary diagram for the upper impactites, with data from EMP analysis (10 µm 
defocused beam) for A) Type 1 melt clasts and B) Type 2 melt clasts. Fields for data for minerals 
(from this study and Townsend et al., 2009) as well as target rock compositions (granite, granite 
gneiss, mica schist (purple line) and calc-silicate and amphibolite (red line); after Townsend et al., 
2009) are also plotted. Data in wt%. 
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The rest of the melt clast samples correspond largely to the target rock lithologies of 
mainly granite, granite gneiss and mica schist (Figure 4.17A). The type 2 melt clasts 
generally correspond to the plagioclase, K-feldspar, biotite and chlorite mineral fields as 
well as the calc-silicate and amphibolite target rock lithologies (Figure 4.17B). The type 2 
melt clasts do, however, show less of a mineralogical and bulk rock correlation in 
comparison to the type 1 melt clasts as they are strongly dominated by SiO2, which is not 
seen in these plots. Overall, it can be suggested that the melt clasts reflect a 
metamorphosed basement composition rather than a sedimentary source. The type 1 melt 
clasts (banded melt clasts) are more enriched in Na2O (Figure 4.17A), whereas the type 2 
melt clasts (massive melt clasts) are more abundant in K2O and CaO (Figure 4.17B). The 
melt domains are, however, closer to the mineral compositions than the bulk rock data 
and, thus, the melt clasts possibly retain to some degree mineral compositions. 
  
The phyllosilicate mineral input into the melt clast compositions will have some control 
on the K2O abundances; therefore, in order to determine this possibility, an Al2O3-
(MgO+FeO)-K2O diagram was plotted (Figure 4.18A and B). The AKFM diagram of the 
type 1 melt clasts (Figure 4.18A) indicates that the melt samples form two weak trends. 
The first originates from approximately 100 wt % K2O and extends toward a central 
region between Al2O3 and MgO+FeO and the second trend lies along the Al2O3 and 
MgO+FeO axis. A number of outliers consisting of approximately 90 to 100 wt% Al2O3 
and MgO+FeO were observed (Figure 4.18A). This analysis suggests a mixing between 
biotite, chlorite (MgO and FeO-rich) and muscovite, with predominantly plagioclase and 
K-feldspar (Al2O3-rich) minerals. 
 
The AKFM plot of the type 2 melt clasts (Figure 4.18B) displays a similar but weaker 
trend in comparison to the type 1 melt clasts (Figure 4.18A) with the type 2 melt clasts 
lying predominantly in the central region between Al2O3 and FeO+MgO. Figure 4.18B 
suggests less mixing between MgO+FeO-rich minerals (chlorite, biotite, amphibole as 
well as some muscovite) in comparison to the type 1 melt clasts (Figure 4.18A), but does 
show a strong correlation to the target rock lithologies (Figure 4.18B). 
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Figure 4.18: Ternary diagram for the upper impactites, with data obtained from EMP analysis (10 
µm defocused beam) of A) Type 1 melt clasts and B) Type 2 melt clasts. Fields for data for minerals 
(from this study and Townsend et al., 2009) as well as average target rock compositions (granite, 
granite gneiss, mica schist, calc-silicate and amphibolite (purple); after Townsend et al., 2009) are 
also plotted. All data in wt%.  
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Overall, the type 2 melt clasts are relatively similar in MgO+FeO and Al2O3 abundances 
(Figure 4.18B). These AKFM diagrams conclusively indicate that the phyllosilicate 
minerals have less control over the K2O abundances than K-feldspar. Overall, the AKFM 
plots suggest mostly mixed compositions with very few analyses lying in the mineral 
fields.   
 
In type 1 melt clasts, the layered bands (colourless, light and dark brown as well as black; 
Figure 4.4, 4.5, 4.6, 4.7, 4.8 and 4.12) have been analysed by SEM and EMPA. Scanning 
electron microprobe (SEM) and EMPA (Sample RG22 and RG24; Figure 4.16 and 4.17) 
results indicate that the dark grey bands (colourless to light brown in microscopic 
analysis) are enriched in SiO2, whereas the light grey bands (dark brown and black in 
microscopic analysis) are enriched in Na2O.  
 
4.7 Discussion 
Petrographic and geochemical data collected on melt clasts of the impactite sequence 
from the Eyreville B drill core can be compared to those of Bartosova et al. (2008a, 
2009a and 2009b), Horton et al. (2009a) and Wittmann et al. (2009a). Bartosova et al. 
(2009a and 2009b) and Wittmann et al. (2009a and 2009b) collected and analysed 43 and 
69 samples for petrographic studies, respectively. Two types of melt clasts were 
identified in this study, throughout the impactite sequence (Table 4.2), based on micro- 
and macroscopic textures (banding or massive), composition, shape, size, colour, 
alteration, inclusions and other defining characteristics, whereas Bartosova et al. (2009a) 
and Wittmann et al. (2009a) identified 5 and 4 melt clast types, respectively. Both 
identified the melt clasts through microscopic characteristics, with Wittmann et al. 
(2009a) adding clast morphology as a further discriminant.  
 
Bartosova et al. (2009a) identified melt clasts as: (1) clear, colourless to brown and green  
unaltered glass with high silica content and commonly with flow structures; (2) light to 
dark brown melt containing altered to fine-grained phyllosilicate minerals; (3) 
recrystallised silica melt; (4) melt clasts with microlites and/or feldspar minerals and (5) 
dark brown melt clasts. Wittmann et al. (2009a) identified: (1) translucent, shard-shaped 
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melt clasts with broken vesicle rims; (2) translucent, white or light brown, angular to 
amoeboid melt clasts with deformed, elongated vesicles and flow textures; (3) melt clasts 
with deformed vesicles and (4) isotropic melt clasts that have been altered mostly to 
phyllosilicates.  
 
The data from this study are comparable to Bartosova et al. (2009a) in that types 4 and 5 
melt clasts show hardly any banding, are generally altered and are dark grey, brown and 
black in colour, which is similar to the type 2 melt clasts from this study. Types 1, 2 and 
3 melt clasts from Bartosova et al. (2009a) display abundant schlieren that vary in colour 
from light to dark brown and dark brownish-black, are devitrified and highly altered to 
smectite and/or other phyllosilicate minerals and are light brown, colourless and green in 
colour, which is comparable to the type 1 melt clasts from this study. Both Bartosova et 
al. (2009a) and Wittmann et al. (2009a) observed a variety of shapes, including 
amoeboidal, ovoid, angular, rounded and elongate, as well as numerous quartz inclusions 
within the melt clasts, which have all been noted in this study. Observations from this 
study and from Wittmann et al. (2009a) indicate that overall, the melt clasts decrease in 
size with depth with slight variations as shown in Figure 4.19. As shown in Figure 4.19, 
the two studies show a distinct correlation of melt clast size decreasing with depth, 
however, Wittmann et al.’s (2009a) data display greater variation of size with depth. 
 
Microscopically, the overall abundance of melt clasts throughout the upper impactites 
ranges from 2.84 to 15.87 vol% (see Chapter Two, Table 2.3), whereas the lower 
impactites range in abundance from 0.09 to 11.14 vol% (see Chapter Two, Table 2.3). 
Bartosova et al. (2009a) indicated that the upper and lower impactites range in melt 
abundance from 0.6 to 77 vol% and 0 to 13 vol%, respectively. Throughout the suevite 
subunits of the upper impactites from this study, the melt clast abundances range from 
12.9 vol% in the upper suevites (SU, S3 subunits) to 5.45 vol% in the lower suevites (S2, 
S1 subunits), whereas Bartosova et al. (2009a) shows that melt clast abundances range 
from 10.6 vol% in the upper suevite subunits to 17.1 vol% in the lower suevite subunits. 
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Figure 4.19: Maximum melt clast lengths, in cm, for samples from throughout the upper impactite 
unit of the Eyreville B drill core, as seen in this study (dashed line) and Wittmann et al. (2009a; blue 
line).  
 
Melt clast compositions vary between 42 and 99 wt% SiO2 for this study, whereas 
Bartosova et al. (2009a) and Wittmann et al. (2009a) showed compositions between 63 
and 97.8 wt% SiO2 and 60 and 95 wt% SiO2, respectively. This study displays lower SiO2 
melt clast abundances as far more of the type 1 melt clasts (light brown, colourless/white 
and green in colour) were analysed, which generally display lower SiO2 abundances. In 
contrast, Bartosova et al. (2009b) and Wittmann et al. (2009b) analysed far more dark 
brown to black melt clasts, which generally show higher SiO2 abundances. The type 1 
melt clasts (banded) are generally poorer in SiO2 abundances in comparison to the type 2 
melt clasts (massive). Overall, the type 1 melt clasts are higher in Na2O abundances and 
lower in K2O and CaO, whereas the type 2 melt clasts are higher in K2O and CaO 
abundances and lower in Na2O abundances. It is evident that the type 1 melt clasts are 
lower in FeO and MgO abundances in comparison to the type 2 melt clasts. Wittmann et 
al. (2009b) noted that the dark brown and black melt clasts are enriched in Al2O3, MgO, 
FeO, TiO2 whereas the light brown, green and colourless melt clasts are enriched in SiO2, 
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Na2O and K2O. Bartosova et al. (2009b) noted that none of the melt clasts apart from type 
3 are monomineralic in composition.  
 
Overall, it is clearly evident that the melt clast samples are compositionally 
heterogeneous and were derived from a mixture of minerals such as quartz, feldspars, 
micas and accessory minerals and correlate strongly with the crystalline basement rocks. 
These observations and conclusions have also been made by Bartosova et al. (2009a); 
Horton et al. (2009a) and Wittmann et al. (2009b). 
 
4.8 Summary 
Two melt clast types were distinguished in the impactite sequence of the Eyreville B drill 
core through petrographic descriptions and observations, as well as chemical analysis. 
The melt clasts differ from each other in terms of texture (banding or massive), 
composition, shape, size, alteration and inclusions, and, to a somewhat lesser degree, 
colour. The type 1 melt clasts contain abundant mineral clasts and are highly altered to 
fine-grained phyllosilicates, with flow bands or schlieren, whereas the type 2 melt clasts 
are largely devoid of flow structures and are less altered than the type 1 melt clasts. The 
type 1 group contains melt clasts that are light brown, white/colourless and green and 
display generally lower SiO2 abundances than the type 2 group, which contains melt 
clasts that are dark brown and black in colour; this suggests that colour is primarily a 
function of alteration and that type 1 melt clasts with lower SiO2 values would be more 
susceptible to alteration.  
 
Melt clasts generally decrease in abundance with depth and vary in shape from ovoid, 
amoeboid and elongate to highly rounded and angular with depth; thus from observations 
made in this study, the upper impactite unit is melt-rich in comparison to the lower, melt-
poor impactites. Macroscopically, the melt clasts decrease in abundance from 22.1 vol% 
in the upper impactites to 2.5 vol% in the lower impactites, whereas, microscopically, the 
melt clasts decrease in abundance from 9.0 vol% in the upper impactites to 1.0 vol% in 
the lower impactites. Individually, the type 1 melt clasts are more common throughout 
the impactite sequence than the type 2 melt clasts. Overall, the melt clasts are most 
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common in the upper suevite (SU), suevite (S3 and S2) and the impact melt rock (M1 and 
M2) subunits, with far lower abundances in the suevite (S1) and lower impactite subunits.  
 
The angular, contorted shapes of the large melt clasts suggest aerodynamic transportation 
and quenching of the melt clasts during aerial transport, which is an indication that the 
melt clasts in the upper sections of the impactite sequence represent fallback material 
from the ejecta plume (Horton et al., 2009a; Wittmann et al., 2009a). The melt clasts 
display evident laminar flow structures that vary in colour. The melt clasts vary in size 
from 0.3 to 13.2 cm. Overall, most melt clasts show some form of alteration, 
predominantly altering to phyllosilicate minerals. Melt clasts are highly altered and 
slightly devitrified and commonly display white (carbonate and chalcedony) alteration 
rims.  
 
A number of conclusions can be made about the melt clast chemical compositions. The 
melt clasts are variably SiO2-rich, ranging between 42 and 99 wt% SiO2. The 
compositional heterogeneity of the melt clasts (internal variation and flow textures 
(schlieren) has been confirmed by microscopic and macroscopic observations, SEM and 
EMP analyses, as applied to binary and ternary plots. The melt glasses appear to have 
formed by variable mixing of mineral melts (principally quartz, feldspar (plagioclase and 
K-feldspar), micas (muscovite and biotite) and accessory (chlorite) minerals. Mineral 
melt mixing in comparison to whole-rock melting seems to be more common. Melt clast 
compositions appear to be most consistent with derivation from rocks similar to the 
crystalline basement rocks intersected below the impactites and in the megablocks in the 
Exmore breccias. More specifically, the melt clasts are most similar in composition to the 
granite, granite gneiss and mica schist and to a much lesser extent to the amphibolite and 
calc-silicate of the basement lithologies.  
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Chapter Five: Shock Metamorphism 
 
5.1 Introduction 
The interaction of a high-pressure shock wave with rocks and minerals leads to the 
development of distinctive deformation features that have been calibrated via shock 
experiments using ballistic apparatus (e.g., French and Short, 1968; Stöffler and 
Langenhorst, 1994; French, 1998). Rock deformation features such as shatter cones, 
which form at shock pressures as low as 2 GPa (Stöffler and Langenhorst, 1994; 
French, 1998), have only rarely been recognised in a drill core owing to their size 
relative to the core diameter; and other types of impact-induced fractures related to 
any of the various stages of crater formation (see Chapter One, Section 1.3) may be 
indistinguishable from fractures and faults produced by normal tectonic processes. 
This study is, thus, restricted to mineral- to clast-scale shock features.  
 
This chapter deals primarily with so-called shock metamorphic features that range 
from the more distinctive mineral and rock glasses and melts and planar deformation 
features to mosaicism, reduced birefringence and diaplectic quartz, all identified using 
transmitted light microscopy. The search for high-pressure polymorphs of minerals 
such as quartz, graphite and zircon was beyond the scope of this study but has been 
covered by Horton et al. (2007, 2008, 2009b); Wittmann et al. (2009a, 2009b) and 
French and Koeberl (2010). Horton et al. (2009b) and Wittmann et al. (2009a, 2009b) 
used acid-dissolution and XRD analysis to search for high-pressure polymorphs such 
as coesite, stishovite, diamond and reidite. Their analyses revealed no evidence of 
stishovite in the Eyreville B drill core, however, some grains in the suevite subunits 
consisted of coesite+quartz (Horton et al., 2009b; Wittmann et al., 2009a, 2009b; 
French and Koeberl, 2010). The presence of zircon and reidite in the impactite 
sequence was confirmed by Horton et al. (2009b).   
 
Apart from their obvious use in confirming an impact origin, shock metamorphic 
features also give an indication of the pressure and temperature conditions to which 
the mineral grains and rocks were exposed during impact (e.g., French and Short, 
1968; Short, 1970; Stöffler and Langenhorst, 1994; Huffman and Reimold, 1996; 
French, 1998; French and Koeberl, 2010). A variety of shock features in minerals and 
rocks have been described and studied over the last fifty years (see e.g., Short, 1970; 
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Carstens, 1975; Bischoff and Stöffler, 1984; Stöffler and Langenhorst, 1994; Huffman 
and Reimold, 1996; French, 1998; Ferrière et al., 2009; French and Koeberl, 2010). 
According to Stöffler and Langenhorst (1994), quartz, feldspar (plagioclase and K-
feldspar) and olivine minerals are the most sensitive shock indicators.  
 
Shock classification is different for different lithologies (Stöffler and Langenhorst, 
1994); however, in general shocked rocks are defined as rocks that show unequivocal 
effects of shock metamorphism and that are, thus, likely to be or have been part of the 
underlying crater basement (Stöffler and Langenhorst, 1994; see Chapter One, Figure 
1.5). Whole-rock melting (an extreme form of shock metamorphism) produces impact 
melt rocks that can be subdivided based on clast content, the degree of mixing of 
various target lithologies and the degree of crystallinity of the melt (Stöffler and 
Langenhorst, 1994; Stöffler and Grieve, 2007). Shock metamorphic features that are 
most commonly observed in impact craters, in order of increasing shock pressure, are: 
1) planar fractures (PFs) in minerals; 2) planar deformation features (PDFs); 3) 
mosaicism and reduced birefringence; 4) diaplectic glass; 5) shock melt and glass 
microspherules (Stöffler, 1984; Melosh, 1989; Stöffler and Langenhorst, 1994).  
 
It is important to note that, unlike during normal metamorphism, shock 
metamorphism is not progressive, that is, the rocks do not pass through a series of 
lower-pressure states before achieving peak shock pressure. Studies in numerous 
impact structures ((1)Vredefort (South Africa), Huffman and Reimold, 1996; (2) 
Sudbury (Canada), Dence et al., 1968; Dressler et al., 1994; (3) Popigai (Russia), 
Sharpton et al., 1993; Morgan et al., 1997; (4) Chicxulub (Mexico), Hildebrand et al., 
1991; Sharpton et al., 1992 and (5) Manicouagan (Canada), Sharpton et al., 1993)) 
and experiments (French and Short, 1968; Roddy et al., 1977; Stöffler, 1972; Kieffer 
and Simonds, 1980; Melosh, 1989; Stöffler and Langenhorst, 1994) indicate that the 
distribution of mineral  shock metamorphic features is highly heterogeneous even at 
the thin section scale. The reasons for this are still not well understood and may relate 
to such things as variation in the orientation of crystallographic axes and even grain 
boundaries relative to the propagation direction of the shock wave. Of necessity, thus, 
most studies of shock metamorphic features adopt a statistical approach when trying 
to constrain peak shock pressure in a rock. This problem is further compounded in 
impact breccias, which are typically mixtures of rock and mineral fragments from a 
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variety of locations (and, thus, shock pressure zones; see Chapter One, Figure 1.4) in 
the impact structure.  
 
During shock release, minerals (mainly quartz and feldspar) and rock clasts subjected 
to relatively low shock pressures of < 5 GPa may develop irregular fractures (which 
are not considered diagnostic shock features). Planar fractures (PFS) and planar 
deformation features (PDFs) form at 10 – 30 GPa, diaplectic glass between 30 and 45 
GPa, and mineral and rock melting occurs between 45 and 80 GPa (see Chapter One, 
Table 1.1; Stöffler and Langenhorst, 1994; Huffman and Reimold, 1996; French, 
1998; Stöffler and Grieve 2007). Given their abundance in Earth’s crust, quartz and 
feldspars are the most extensively studied minerals for shock metamorphism. They 
most commonly display planar fractures (PFs), deformation and kink bands, and 
planar deformation features (PDFs), however, normal and post-impact hydrothermal 
alteration as well as weathering in the near-surface environment causes feldspar 
minerals to alter to secondary minerals, making it more difficult to observe shock 
effects in plagioclase and K-feldspar (French, 1998; Poag et al., 2004).  
 
Quartz changes to stishovite at shock pressures of >12 – 15 GPa and to coesite at > 30 
GPa (Stöffler and Langenhorst, 1994; Ferrière et al., 2009). Planar microstructures, 
PFs, PDFs and kink banding have been observed in micas, pyroxenes, amphiboles, 
garnet and accessory (apatite, sillimanite, cordierite, garnet, scapolite and zircon) 
minerals (Stöffler, 1972; French, 1998; Poag et al., 2004), however, the shock effects 
in these minerals are rarely seen, as these minerals are not common in impact craters 
(Stöffler, 1972; French, 1998; Poag et al., 2004). Ballen quartz and cristobalite can be 
found in impact craters and occur predominantly in impact melt rock and suevite 
(Bischoff and Stöffler, 1984; Ferrière et al., 2009, 2010). 
 
The presence of ballen quartz and cristobalite provides constraints on peak 
temperature and shock pressure in the rocks during the impact (Short, 1970; Stöffler 
and Langenhorst, 1994). Carstens (1975) suggested that the ballen quartz and 
cristobalite texture represented pseudomorphs after cristobalite initially formed by 
shock-induced thermal transformation of quartz. Observations from Ferrière et al. 
(2009, 2010) suggest that toasted ballen quartz is the result of vesicle formation after 
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pressure release at high post-shock temperatures and, therefore, toasting represents the 
initial breakdown of quartz due to heating.  
 
In order to verify the shock origin of PFs and PDFs, the crystallographic orientations 
are measured in selected minerals (e.g., French and Short, 1968; von Engelhardt and 
Bertsch, 1969; Stöffler and Langenhorst, 1994; Grieve et al., 1996; Ferrière et al., 
2008). The orientations of both shock-induced PFs and PDFs are parallel to rational 
crystallographic planes (Stöffler and Langenhorst, 1994) and the orientations that 
develop are a function of shock pressure. The key threshold pressures for the 
development of orientations in quartz are reported in Table 5.1. The relative 
abundance of different PDFs orientations varies with shock pressure (Table 5.1).  
 
Table 5.1: Crystallographic orientations of planar deformation features (PDFs) in shocked 
quartz grains. Minimum pressures for the generation of some of these features are indicated 
(after Stöffler and Langenhorst, 1994; French, 1998).  
Symbol Bravais-Miller indices Polar angle (angle between pole to plane  Shock pressure 
    And quartz c-axis)   
c *(0001) 0º >5 GPa 
ω *{1013};{0113} 23º >10 GPa 
Π *{1012};{0112} 32º >20 GPa 
r,z *{1011};{0111} 52º >20 GPa 
m {1010} 90º  
ξ {1122};{2112} 48º >22 GPa 
s {1121};{2111} 66º  
a {1120};{2110} 90º  
 *{2241};{4221} 77º  
t {4041};{0441} 79º  
k {5160};{6150} 90º  
x {5161};{6511}; 82º  
 {6151};{1561}   
- {3141};{4311}; 78º  
 {4131};{1341}   
- {2131};{3211}; 74º  
  {3121};{1231}     
*Prominent planes in shocked grains 
 
Quartz grains within the impactite sequence of the Eyreville B drill core from the  
Chesapeake Bay impact crater occur as either single grains in the breccia matrix or as 
grains within polycrystalline and polymineralic rock clasts or in melt clasts. A variety 
of shock effects has been observed within these grains (see also Bartosova et al., 
2009a; Horton et al., 2009a; Wittmann et al., 2009a). 
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5.2 Methodology 
The overall analysis of 65 samples from the impactite sequence of the Eyreville B 
drill core showed that 20 samples had shock features to begin with; however, further 
analyses of the selected samples showed only 13 samples out of the selected 20 
displayed definite shock metamorphic features that could be measured and described. 
Each of the 13 samples contained between 90 and 335 quartz grains (total number of 
quartz grains; Table 5.2). In comparison with this study, Bartosova et al. (2009a) and 
Wittmann et al. (2009a) studied 14 and 16 thin sections (approximately 360 quartz 
grains per thin section), respectively.  
 
Table 5.2: Summary of the shock features in quartz grains for the upper suevite, suevite, 
cataclastic gneiss and polymict impact breccia lithologies. 
Sample # Unit Rock Total No. % % % % 
Depth (m)  Type quartz quartz grains quartz grains quartz grains quartz grains 
   grains without With with 1 With 2 or 
   studied PFs or PDFs PFs set of PDFs more sets of  PDFs 
RG11/1396.03 SU SB 268 65.3 14.2 19.0 1.5 
RG12/1397.51 SU SB 215 69.8 12.6 14.9 2.8 
RG16/1408.39 S3 SB 154 75.3 8.4 12.3 3.9 
RG20/1417.41 S3 SB 132 76.5 9.1 13.6 0.8 
RG22/1420.23 S3 SB 205 74.6 10.2 12.7 2.4 
RG26/1424.85 S3 SB 144 52.8 19.4 23.6 4.2 
RG28/1427.76 S3 SB 278 68.4 14.0 15.5 2.2 
RG118/1431.71 S3 SB 107 72.0 11.2 14.0 2.8 
RG110/1451.73 S1 SB 301 84.4 6.0 8.0 1.7 
RG103/1458.99 S1 SB 102 82.4 2.0 12.8 2.9 
RG96/1476.79 B5 CG 335 89.9 3.3 6.9 0.0 
RG91/1504.42 P3 PLB 187 80.8 8.0 10.2 1.1 
RG83/1532.75 P2 PLB 90 76.7 8.9 13.3 1.1 
 
* Average sample size examined is 2 cm2; % refers to relative percentage of the total number of quartz 
grains. SB = suevite; CG = cataclastic gneiss; PLB = polymict impact breccia; SU = upper suevite; S 
(1, 3) = suevite; B(5) = cataclastic gneiss block and P(2, 3) = polymict impact breccia. 
 
All mineral (feldspars, micas, accessory including opaque) grains were examined in 
order to assess whether PFs or PDFs were present; however, unequivocal shock 
features were not evident within any other mineral besides quartz. Shock effects were 
evaluated for single quartz grains in the matrix and multiple quartz grains in 
sedimentary and polycrystalline rock clasts. Proportions of shocked quartz grains in 
the matrix and in crystalline clasts were also compared (Table 5.3). 
 
The crystallographic orientations of planar deformation features (PDFs) in the quartz 
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grains from the upper suevite, suevite, cataclastic gneiss and polymict impact breccia 
subunits (Appendix 4a) were measured using the universal stage (U-stage). The U-
stage process involves the measuring, in single quartz grains, of the orientation of the 
pole to the crystallographic plane parallel to each set of PDFs as well as the c-axis 
orientation (optic axis direction) of the host quartz grain (Langenhorst, 2002; Ferrière 
et al., 2008). Data obtained are then plotted on a stereonet and the relative angle 
between the c-axis and the pole to the PDF set is measured. Repeat measurements on 
each PDF set are made in order to ensure precision (see Langenhorst, 2002; Ferrière et 
al., 2008 for the detailed method). Common difficulties (which are comparable to 
those of other authors; see Bartosova et al., 2009a; Coney, 2009 and Wittmann et al., 
2009a) with regards to the measurements include that not all PDF sets are visible 
owing to the orientation of the grain with respect to the microscope, as well as some 
of the shocked quartz grains being located at the edge of a thin section where they are 
inaccessible owing to the mechanical limitations of the U-stage. 
 
5.3 Shock Metamorphic Effects of Minerals in the Eyreville B Drill Core 
The quantitative shock point-counting results for PFs and PDFs in quartz grains from 
samples throughout the impactite sequence are displayed in Table 5.2. In general, 
planar fractures (PFs) are slightly less common (Table 5.2) than planar deformation 
features (PDFs; Figure 5.1A, B, C and D; Figure 5.2A and B) in shocked quartz 
grains. Mostly one or two sets, rarely more sets, of PDFs were observed (Table 5.2; 
Figure 5.1E and F; Figure 5.2A) throughout the upper and lower impactites, with 
samples from the lower impactite unit displaying fewer PDF sets per thin section, on 
average (Table 5.2). Rare quartz grains with 3 or more PDF sets were observed in this 
study. 
 
A total of 2518 quartz grains were studied with only 621 (24.7 rel%) grains displaying 
shock metamorphic features (PFs and PDFs; Table 5.2). Planar fractures (PFs) in 
quartz grains are evident throughout the impactite sequence and occur in between 2.0 
and 19.4 rel% of all the quartz grains studied (Table 5.2). The proportion of shocked 
quartz grains containing one set of PDFs varies between 8.0 and 23.6 rel% in the 
upper impactites and 6.9 and 13.3 rel% in the lower impactites (Table 5.2). 
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Table 5.3: Summary of total relative percentage (rel%) of shocked quartz (sq) grains observed in the matrix, igneous, sedimentary and polycrystalline rock 
clasts, throughout the upper and lower impactites. 
Sample # RG11 RG12 RG16 RG20 RG22 RG26 RG28 RG118 RG110 RG103 RG96 RG91 RG83 
Depth (m) 1396.03 1397.51 1408.39 1417.41 1420.23 1424.85 1427.76 1431.71 1451.73 1458.99 1474.79 1504.42 1532.75 
Unit SU SU S3 S3 S3 S3 S3 S3 S1 S1 B5 P3 P2 
Rock type SB SB SB SB SB SB SB SB SB SB CG PLB PLB 
Total # quartz studied 268 215 154 132 205 144 278 107 301 102 335 187 90 
Total rel% Sq grains 34.7 30.2 24.7 23.5 25.4 47.2 31.7 28.0 15.6 17.6 10.1 19.3 23.3 
Total rel% Sq grains in matrix 25.8 30.8 31.6 32.3 42.3 38.2 42.0 36.7 38.3 33.3 38.2 38.9 38.1 
Total rel% Sq grains in polycrystalline clasts 74.2 69.2 68.4 67.7 57.7 61.8 58.0 63.3 61.7 66.7 61.8 61.1 61.9 
Total rel% Sq grains in igneous clasts 30.4 42.2 46.2 47.6 53.3 54.8 45.1 42.1 58.6 33.3 42.9 59.1 53.8 
Total rel% Sq grains in sedimentary clasts 69.6 57.8 53.8 52.4 46.7 45.2 54.9 57.9 41.4 66.7 57.1 40.9 38.5 
  
              
Total rel% Sq grains in polycrystalline clasts                           
Dolerite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Granitoid 15.9 17.8 19.2 23.8 30.0 35.7 33.3 26.3 31.0 8.3 28.6 31.8 23.1 
Quartz pegmatoid 14.5 24.4 26.9 23.8 23.3 19.0 11.8 15.8 27.6 25.0 14.3 27.3 30.8 
Shale 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Sandstone 23.2 20.0 7.7 9.5 13.3 16.7 23.5 0.0 6.9 25.0 14.3 9.1 0.0 
Greywacke 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Siltstone 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Claystone 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Arkose 14.5 13.3 23.1 14.3 10.0 9.5 11.8 21.1 17.2 0.0 19.0 0.0 15.4 
Conglomerate 31.9 24.4 23.1 28.6 23.3 19.0 19.6 36.8 17.2 41.7 23.8 31.8 23.1 
Silty claystone 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Phyllite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Mica schist 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Slate 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Mafic orthogneiss 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Felsic orthogneiss 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
 
* Average sample size examined is 2 cm2; % refers to relative percentage of the total number of quartz grains studied. Sq = shocked quartz grains; SB = suevitic 
breccia; CG = cataclastic gneiss; PLB = polymict impact breccia; SU = upper suevite; S(1, 3) = suevite; B(5) = cataclastic gneiss blocks and P(2, 3) = polymict 
impact breccia. 
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The proportion of shocked quartz grains containing two or more PDF sets varies 
between 0.8 and 4.2 rel% in the upper impactites and approximates 1.1 rel% in the 
lower impactites (Table 5.2), indicating that the lower impactites could possibly be 
shocked to an overall lower degree than the upper impactites. 
 
Undulose extinction, mosaicism and kink-banding were rarely observed in quartz 
grains (approximately 7 out of 100 quartz grains) throughout the impactite sequence 
in this study. Quartz can also be converted to stishovite and coesite, however, neither 
of these high-pressure polymorph minerals were seen using optical microscopy in this 
study. Feldspar minerals (plagioclase and K-feldspar) displaying planar fractures, 
kink- and deformation-banding as well as PDFs and pyroxenes, amphiboles, micas, 
garnets and zircons displaying planar structures and kink-banding, have been 
observed in the impactite sequence by Bartosova et al. (2009a) and Horton et al. 
(2009b). No minerals, besides quartz, displayed shock metamorphic features in this 
study and in Wittmann et al. (2009a, 2009b). Diaplectic quartz and feldspar grains 
were not observed in this analysis and Wittmann et al. (2009a, 2009b). 
 
5.3.1 Shock Metamorphic Effects in Matrix Quartz Grains 
A total of 221 single quartz grains within the matrix (of all samples analysed) are 
shocked, constituting an overall percentage of 8.8 rel% out of the total quartz grains 
counted (Table 5.3). Single quartz grains within the matrix of the upper impactites 
(186 shocked quartz grains) comprise 7.4 rel% of the grains analysed, whereas the 
lower impactites (35 shocked quartz grains) show a lower proportion of shocked 
grains of 1.4 rel% (Table 5.3). In comparison, quartz grains in polycrystalline rock 
clasts, with a total of 400 quartz grains counted, constitute 15.9 rel% (Table 5.3). 
Shocked quartz grains in polycrystalline rock clasts in the upper impactites (344 
shocked quartz grains) constitute 13.7 rel% whereas the lower impactites (56 shocked 
quartz grains) and, once again, show a lower percentage of shocked grains of only 2.2 
rel% (Table 5.3). The PFs and PDFs in the quartz grains are generally best developed 
in the polycrystalline rock clasts (Figure 5.1E and F). The data indicates that the 
quartz grains in the polycrystalline rock clasts are more frequently shocked than the 
single quartz grains within the matrix. 
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Figure 5.1: Photomicrographs of planar deformation features (PDFs) in quartz grains in samples from the impactite sequence of the Eyreville B drill core. A) 
Sample RG83, polymict impact breccia (P2), lower impactite unit, sample depth = 1532.75 m; 2 grains with 1 PDF set each, oriented NW-SE and NNE-SSW (solid 
lines) in a light brown granitoid clast; plane polarised light (PPL); image width = 350 µm. B) Sample RG118, suevite (S3), upper impactite unit, sample depth = 
1431.71 m; 2 grains with 1 PDFS set each, oriented NE-SW and NNE-SSW (solid lines) in an arkose clast displaying a slightly toasted quartz appearance; PPL; 
image width = 250 µm. Continued on next page. 
 
A B 
 191 
 
 
 
 
 
Figure 5.1 (Continued): (C) Sample RG110, suevite (S1), upper impactite unit, sample depth = 1451.73 m; 2 grains with 1 PDF set each, oriented N-S and WNW-
ESE (solid lines) in a granitoid clast; slightly toasted appearance of quartz; PPL; image width = 300 µm. D) Sample RG91, polymict impact breccia (P3), lower 
impactite unit, sample depth = 1504.42 m; slightly toasted appearance (dashed circle) of quartz with 1 PDF set, oriented E-W (solid line) in a quartz pegmatoid 
clast; PPL; image width = 350 µm Continued on next page. 
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Figure 5.1 (continued): E) Sample RG103, suevite (S1), upper impactite unit, sample depth = 1458.99 m; 1 grain with 2 PDF sets, oriented NNE-SSW and NW-SE 
(solid lines) and 1 grain with 1 PDF set, oriented NNW-SSE (solid line) in a conglomerate clast; crossed polarised light (XPL); image width = 200 µm. F) Sample 
RG28, suevite (S3), upper impactite unit, sample depth = 1427.76 m; 1 grain with 2 PDF sets, oriented N-S and NE-SW (solid lines) and 1 grain with 1 PDF set, 
oriented NE-SW, (solid line) in a granitoid clast; XPL; image width = 300 µm. 
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Figure 5.2: Photomicrographs of PDFs (as well as other features) in quartz grains in impactite samples from the Eyreville B drill core. A) Sample RG110, suevite 
(S1), upper impactite unit, sample depth = 1451.73 m; 1 grain with 2 sets of PDFs, oriented NNE-SSW and NE-SW (solid lines), with decorated fluid inclusions in a 
sandstone clast; XPL; image width = 300 µm. B) Sample RG28, suevite (S3), upper impactite unit, sample depth = 1427.76 m; 1 grain with 1 PDFs set, oriented 
NNW-SSE (solid line) with undulose extinction (top right); XPL; image width = 300 µm. Continued on next page. 
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Figure 5.2 (Continued): C) Sample RG16, suevite (S3), upper impactite unit, sample depth = 1408.39 m; fluid inclusion trails (dashed circles) in quartz grain (top 
left) and colourless, devitrified melt clast; PPL; image width = 200 µm. D) Sample RG103, suevite (S1), upper impactite unit, sample depth = 1458.99 m; 1 grain 
with deformation bands, oriented NE-SW (solid line); XPL; image width = 150 µm.  
C D 
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Reimold et al. (2009) found shocked quartz throughout the Exmore breccia; however 
in very low quantities and generally only single sets of PDFs per quartz grain. 
Shocked quartz grains, predominantly in the suevite subunits of the upper impactites, 
show a toasted appearance (Figure 5.1C). Approximately 5 rel% of all quartz grains 
display a toasted appearance which is comparable to the estimate of Bartosova et al. 
(2009a) of 8 rel% throughout the impactite sequence. 
 
5.3.2 Shock Metamorphic Effects in Quartz Grains in Polycrystalline Clasts 
The overall proportion of shocked quartz grains in sedimentary clasts (217 shocked 
quartz grains counted) is slightly higher than that in the igneous clasts (182 shocked 
quartz grains counted) with 8.6 and 7.2 rel% shocked quartz grains, respectively 
(Table 5.3).  
 
With regards to the individual lithic clasts, conglomerate (102 shocked quartz grains; 
Figure 5.1E) shows the highest proportion of shocked quartz grains with 4.1 rel%, 
with granitoid (101 shocked quartz grains; Figure 5.1A, C and F), quartz pegmatoid 
(81 shocked quartz grains; Figure 5.1D), sandstone (62 shocked quartz grains; Figure 
5.2 A) and arkose (53 shocked quartz; Figure 5.1B) making up the remaining 
proportions of shocked quartz in lithic clasts with 4.0, 3.2, 2.5 and 2.1 rel% shocked 
quartz grains, respectively (Table 5.3). Shock features (PFs or PDFs) were not 
observed in fine-grained metamorphic clasts such as gneiss (14 clasts, 52 quartz 
grains counted), schist (16 clasts, 64 quartz grains counted) and phyllite (19 clasts, 88 
quartz grains counted), as well as some of the fine-grained sedimentary clasts such as 
siltstone (10 clasts, 35 quartz grains counted) and shale (21 clasts, 43 quartz grains 
counted). The upper and lower impactite units have quartz grains that display broad 
fluid trails in PDFs (Figure 5.2A, C and D).  
 
Figure 5.3A and B display the variation in the abundance of shocked quartz grains 
throughout the impactite sequence of the Eyreville B drill core. Quartz grains with 
both single PDF sets and multiple PDF sets decrease in abundance with depth (Figure 
5.3B). The highest abundance of shocked quartz grains was observed in the suevites 
between the approximate depths of 1393 and 1433 m (Figure 5.3B; Table 5.2), and is 
correlated with the higher proportion of melt clasts in this interval (see Chapter Four, 
Section 4.3.1). 
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Figure 5.3A: Variation in % of shocked quartz grains (relative to all quartz in a sample) with 
depth in quartz grains from the impactite sequence in the Eyreville B drill core. For the full 
explanation of the stratigraphic column, see Chapter 2; Figure 2.1.  
 
 
 
 
      
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
 
Figure 5.3B: Variation in the rel% of quartz grains containing PDFs with depth in the impactite 
sequence in the Eyreville B drill core. For the full explanation of the stratigraphic column, see 
Chapter 2; Figure 2.1.  
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No quartz grains with multiple PDF sets were observed within the lower impactites 
below 1473 m depth (Figure 5.3B; Table 5.2).  
 
With regards to the subunits of the impactite sequence, shocked sedimentary clasts 
represent 18.5 rel% of the total rock percentage, in comparison to the 10 rel% of the 
shocked igneous clasts in the upper suevite subunit (Table 5.3), with conglomerate, 
sandstone, quartz pegmatoid and granitoid contributing the highest shocked quartz 
abundances with 8.3, 6.3, 5.3 and 4.8 rel%, respectively (Table 5.3). In the suevite (S1 
and S3) subunits, sedimentary and igneous clasts show similar relative % of shocked 
quartz grains with 29.3 and 28.3 rel%, respectively (Table 5.3). Granitoid comprises 
the highest abundance of shocked quartz with 16.5 rel%, with conglomerate, quartz 
pegmatoid, sandstone and arkose contributing 13.5, 11.8, 8.0 and 7.8 rel%, 
respectively (Table 5.3). In the polymict impact breccia (P2 and P3) subunits, the 
igneous clasts contain a higher relative % of shocked quartz grains than the 
sedimentary clasts, with an abundance of 5.0 versus 3.5 rel%, respectively (Table 
5.3). Overall, granitoid, quartz pegmatoid and conglomerate clasts show the highest 
number of shocked quartz grains with 2.5 rel% (Table 5.3).  
 
The data suggests that the abundance of shocked quartz grains decreases with 
increasing depth. With regards to single quartz grains in the matrix, the upper 
impactites show a higher abundance of shocked quartz grains than the lower impactite 
unit. Overall, however, quartz grains in polycrystalline rock clasts display a higher 
abundance of shocked quartz in comparison to the single quartz grains in the matrix. 
Coarser-grained sedimentary rocks such as conglomerate, sandstone and arkose are in 
abundance in the upper impactites, whereas igneous clasts such as granitoid and 
quartz pegmatoid are in abundance in the lower impactites; thus, the abundance of 
shocked quartz grains is correlated positively with the abundance of sedimentary 
clasts.  
 
5.4 PDF Crystallographic Orientations in Quartz of the Impactite Sequence 
The variety of crystallographic orientation of PDFs in quartz varies as a function of 
shock pressure (Carter, 1968; Robertson et al., 1968; von Engelhardt and Bertsch, 
1969; Stöffler and Langenhorst, 1994; Ferrière et al., 2008; Table 5.1) and, thus, 
provides an independent estimate of the maximum shock pressure experienced by a 
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rock or, in the case of breccias, by its component clasts. Traditionally, a statistical 
approach is employed, which involves measurements of between 100 and 600 grains 
in a thin section (von Engelhardt and Bertsch, 1969; Stöffler and Langenhorst, 1994); 
however, studies of breccias from several impact structures in recent years (e.g., 
Coney et al., 2007b; Ferrière et al., 2009) have revealed far lower concentrations of 
quartz grains with PDFs, making such an approach impossible and highly 
questionable as to the statistical value. PDF orientation measurements are displayed in 
Table 5.4.  
 
Table 5.4: Number of PDF sets and the absolute frequencies (%) of the PDF orientations in 
shocked quartz grains in the impactite sequence of the Eyreville B drill core. 
 Upper suevite Suevite Cataclastic gneiss Polymict impact breccia 
 SU S1; S3 B5 P2; P3 
No. of sets (Q) 7.0 24.0 2.0 6.0 
No. of grains (n) 4.0 18.0 2.0 4.0 
No. of PDFS 1.8 1.3 1.0 1.5 
sets / grain (Q/n)     
Indexed orientations Upper suevite Suevite Cataclastic gneiss Polymict impact breccia 
& polar angle SU (%) S1; S3 (%) B5 (%) P2; P3 (%) 
c (0001); 0º n.d n.d 50.0 n.d 
ω {1013}; 23º n.d 12.5 50.0 16.7 
п {1012}; 32º n.d 4.2 n.d 33.3 
r,z {1011}; 52º n.d 4.2 n.d n.d 
ξ {1122}; 48º n.d 4.2 n.d n.d 
s {1121}; 66º 57.1 45.8 n.d n.d 
{2241}; 77º n.d 4.2 n.d n.d 
t {4041}; 79º 14.3 0.00 n.d n.d 
x {5161}; 82º n.d 4.2 n.d n.d 
{2131}; 74º 28.6 16.7 n.d n.d 
Unindexed n.d 4.2 n.d 50.0 
Total 100.0 100.0 100.0 100.0 
 
* Absolute frequencies after Von Engelhardt and Bertsch (1969); unindexed orientations are those that 
provide measurements that do not correspond to the rational PDFs crystallographic orientations; n.d 
= none detected. 
 
Histograms (Figure 5.4) were created to show the comparison between the PDF 
orientation relative to the c-axis and the absolute frequencies, where absolute 
frequency (in %) is defined as: 
 
Absolute frequency, Fhkil = (qhkil / Q)*100  
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where qhkil = actual number of measured symmetrically equivalent deformation planes 
{hkil} observed in n quartz grains; and Q = total number of all measured sets of planar 
structures observed in n quartz grains (Von Engelhardt and Bertsch, 1969).  
 
Four types of different orientations and their respective shock pressure interpretation 
have been described: 1) Type A (Pressure > 7.5 GPa): basal PDFs only; 2) Type B 
(Pressure > 10 GPa), appearance of ω{1013} planes, typically with basal planes; 3) 
Type C (Pressure > 14 GPa), appearance of {2241} planes and 4) Type D (Pressure > 
16 GPa), appearance of Π{1012} planes (Stöffler and Langenhorst, 1994; French, 
1998). 
 
The quartz grains in the matrix of the upper suevite (SU) subunit are dominated by 
type C and D, with PDF orientations s{1121} and {2131} with relative abundances of 
57.1 and 28.6 %, respectively (Figure 5.4A; Table 5.4). The other PDF orientation 
that was observed was t {4041}. This analysis suggests that shock pressures greater 
than 14 GPa affected these few matrix quartz grains prior to their deposition. The two 
samples that were studied displayed mostly single PDF sets; however, three sets in a 
single quartz grain in sample RG12 (sample depth = 1397.51 m) were observed 
(Table 5.2, 5.4).  
 
Identifying shocked quartz grains in the upper suevite was difficult, owing to the 
exceptionally fine-grained matrix, the predominance of fine-grained sedimentary 
clasts and the extremely small clast sizes present (approximately 0.25 to 0.66 cm; see 
Chapter 2; Table 2.4). Overall, 483 quartz grains were studied in the upper suevite 
subunit. In the grains where one PDF set occurred the most common orientation was 
{2131}. The suevite (S1 and S3) subunits are dominated by types B, C and D, with 
PDF orientations s {1121}, {2131} and ω{1013}, with relative abundances of 45.8 
and 16.7 rel%, respectively (Figure 5.4B; Table 5.4). A total of 1423 quartz grains 
were studied in the suevite (S1 and S3) subunits. In order of decreasing abundance, 
other measured PDF orientations include: ω {1013}, r, z {1011}, {2241}, pi {1012}, ξ 
{1122} and x {5161}. In the quartz grains where more than one PDF set occurs, the 
most common associations are s {1121}, {2131} and ω {1013}. These data are 
consistent with shock pressures greater than 10 GPa.  
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Figure 5.4: Histograms of the crystallographic orientations of the planar deformation features 
(PDFS) in quartz grains from the Eyreville B impactite sequence. A) Upper suevite (SU), 2 
samples (RG11, RG12); B) Suevite (S1; S3), 8 samples (RG16, RG20, RG22, RG26, RG28, 
RG118, RG110, RG103); C) Cataclastic gneiss block (B5), 1 sample (RG96); D) Polymict impact 
breccia (P2; P3), 2 samples (RG91, RG83). Absolute frequencies calculated after Von Engelhardt 
and Bertsch (1969).  
 
The shocked quartz grains of the cataclastic gneiss (B5) subunit are dominated by 
types A and B, with PDF orientations c {0001} and ω {1013} (Figure 5.4C; Table 
5.4). Overall, 335 quartz grains were studied in the cataclastic gneiss (B5) subunit. 
Total # of  
grains: 
1 set in 2 grains 
2 sets in 1 grain 
3 sets in 1 grain 
0 % unindexed  
Total # of 
grains: 
1 set in 13 grains 
2 sets in 4 grains 
3 sets in 1 grain 
4.17 % 
unindexed  
Total # of 
grains: 
1 set in 2 grains 
0 % unindexed  
Total # of  
grains: 
1 set in 2 grains 
2 sets in 2 grains 
50 % unindexed  
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Only single PDF sets were observed in this subunit of the impactite sequence and 
analysis suggests shock pressures greater than 7.5 GPa.  
 
The PDF orientations in the quartz grains of the polymict impact breccia (P2; P3; 
Figure 5.4D; Table 5.4) are dominated by types B and D, with orientations ω {1013} 
and pi {1012} of relative abundances of 16.67 and 33.33 %, respectively. Overall, 277 
quartz grains were studied in the polymict impact breccia (P2 and P3) subunits. In 
most of the grains, one or two PDF sets were measured. Data is consistent with shock 
pressures greater than 10 GPa within these subunits. The results of the analysis of the 
PDF orientations and their respective inferred shock pressures indicate that, generally 
with depth, the shock pressure decreases, however, in the lower impactites, variation 
does occur in comparison to the general decrease in the upper impactites. The shock 
pressure decreases into the cataclastic gneiss and then shows an increase into the 
polymict impact breccia (Figure 5.3, 5.4). Since the cataclasite subunit shows far 
lower shock pressures than the over- and underlying subunits from the impactite 
sequence, it can be suggested that the cataclastic gneiss was derived from another 
region of the crater, where lower shock pressure occurred (French, 1998; Koeberl and 
Martínez, 2003).  
 
Overall, shocked sedimentary clasts are significant in the upper impactites, whereas 
shocked igneous clasts in the lower impactites. Individually however, conglomerate, 
granitoid and quartz pegmatoid show the highest proportion of shocked quartz as well 
as the highest inferred shock pressure with dominant PDF orientations s{1121, 
{2131}, ω {1013} and pi {1012}. One interpretation of this pattern might be that these 
clasts were derived from closer to the point of impact than the remainder of the clast 
population; however, an alternative is that PDF development is enhanced in rocks 
with larger grain sizes (French, 1998; Koeberl and Martínez, 2003; Bartosova et al., 
2009a; Coney et al., 2007b; Wittmann et al., 2009a; Wünnemann et al., 2010).  
 
5.5 Discussion 
Quantitative and qualitative data of shock characteristics in the impactite sequence of 
the Eyreville B drill core collected in this study can be compared to those of Horton et 
al. (2006a), Gohn et al. (2008), Bartosova et al. (2009a), Ferrière et al. (2009), Horton 
et al. (2009a, 2009b) and Wittmann et al. (2009a, 2009b). These authors observed 
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similar shock metamorphic and shock-related features such as planar fractures (PFs); 
planar deformation features (PDFs), toasted quartz, undulose extinction and 
mosaicism of quartz (Table 5.5).  
 
In agreement with this study, Gohn et al. (2008), Bartosova et al. (2009a), Horton et 
al. (2009a, 2009b) and Wittmann et al. (2009a, 2009b), all noted that shocked quartz 
was more abundant in the upper impactites, exhibiting all stages of shock 
metamorphism with commonly observed PFs, PDFs (1 or 2 sets, rarely more), tiny 
fluid inclusions decorating PDFs and toasted quartz (Table 5.5). Observations within 
the lower impactites obtained in this study and those of Gohn et al. (2008), Bartosova 
et al. (2009a) and Wittmann et al. (2009a, 2009b), are directly comparable, with 
relatively low shock related features, such as planar fractures (PFs), rare planar 
deformation features (PDFs), undulose extinction and decorated PDFs noted (Table 
5.5).  
 
Table 5.5: Comparison of shock metamorphic features observed in this study with those of 
Bartosova et al. (2009a); Horton et al. (2009a, 2009b) and Wittmann et al. (2009a, 2009b) for the 
impactite sequence of the Eyreville B drill core. 
  This study Bartosova et al. (2009a) Horton et al. (2009b) Wittmann et al. (2009a) 
# of thin sections 13 14 144 16 
Total rel% of sq 24.7 16 n.a. n.a. 
Total rel% of sq      
in matrix 8.8 15 n.a. n.a. 
Total rel% of sq      
in polycrystalline      
clasts 15.9 21.5 n.a. n.a. 
Total rel% of      
toasted quartz 5 8 n.a. n.a. 
Observations PFs, PDFs PFs, PDFs PFs, PDFs PFs, PDFs 
  
Toasted quartz Ballen & toasted quartz Ballen quartz   Ballen quartz 
  
n.o. Diaplectic feldspar Diaplectic feldspar n.o 
  
Fluid inclusions Fluid inclusions Fluid inclusions Fluid inclusions 
  
Undulose extinction Undulose extinction Undulose extinction Undulose extinction 
  
n.o. n.o. Cristobalite n.o. 
  
n.o. Diaplectic quartz Diaplectic quartz n.o. 
  n.o. n.o. Coesite/stishovite n.o. 
  n.o. n.o. Zircon & reidite zircon and reidite 
n.a. = data not available; n.o. = not observed.   
 
Bartosova et al. (2009a) concluded that PFs are less common than PDFs in the 
impactite sequence, which is comparable to the observations in this study and others 
such as Gohn et al. (2008) and Wittmann et al. (2009a, 2009b). According to Gohn et 
al. (2008), Bartosova et al. (2009a), Horton et al. (2009a, 2009b) and Wittmann et al. 
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(2009a, 2009b), rare feldspar grains with PDFs in granite-derived clasts (3 out of 100 
samples), mica with kink banding (20 out of 100 samples) and rare diaplectic quartz 
(1 out of 100 samples) were observed. No feldspar grains with shock features or 
diaplectic quartz were noted in this study; however kinked banding was noted in 
muscovite (not an impact-diagnostic feature as it could be produced by tectonic 
deformation). Diaplectic feldspar or ballen quartz was not observed in this study as 
these features are extremely rare and only really found in the impact melt rock 
subunits, which were not analysed in this study.  
 
Bartosova et al. (2009a) found that, on average, 16 rel% of all quartz grains were 
shocked (showing PFs and PDFs), whereas 24.7 rel% of all quartz grains of this study 
were shocked (showing PFs and PDFs). Shocked single quartz grains in the matrix 
amount to 15 rel%, whereas shocked quartz grains in the polycrystalline rock clasts 
amount to 19 rel% (Bartosova et al., 2009a) in contrast to the 8.8 rel% of shocked 
quartz in the matrix and 15.9 rel% of shocked quartz in the polycrystalline rock clasts 
in this study (Table 5.5).  
 
No shock metamorphic features were seen in fine-grained gneiss, phyllite and mica  
schist, or in siltstone and shale, which is comparable to observations by Gohn et al. 
(2008), Bartosova et al. (2009a), Horton et al. (2009a, 2009b) and Wittmann et al. 
(2009a, 2009b). Bartosova et al. (2009a) indicates that the average proportion of 
shocked clasts in schist and gneiss clasts is low in comparison to the higher proportion 
of shocked clasts in greywackes, sandstones and polycrystalline quartz clasts. This 
study shows that the coarser-grained sedimentary clasts such as conglomerate, 
sandstone and arkose are shocked to a higher relative % than igneous clasts (granitoid 
and quartz pegmatoid) with 8.6 and 7.2 rel%, respectively. Horton et al. (2009b) did 
not observe shocked quartz and cristobalite in melt clasts; however, this study nor that 
of Wittmann et al. (2009a, 2009b) noted shocked quartz in melt clasts.  
 
5.6 Summary 
Petrographic and statistical analysis of 13 samples from the various subunits of the 
impactite sequence of the Eyreville B drill core shows that overall there is a decrease 
in the abundance of shocked quartz grains and shock pressure with depth (Figure 5.3).  
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The suevite (S1; S3) subunits of the upper impactites contain greater abundances of 
shocked quartz grains and these grains have been shocked to higher pressures in 
comparison to the quartz grains of the upper suevite (SU), cataclastic gneiss block 
(B5) and the polymict impact breccia (P3; P2) subunits. The suevite subunits display a 
more diverse set of PDF orientations in comparison to the subunits of the lower 
impactites, possibly owing to: 1) the sedimentary and igneous clasts have a higher 
proportion of PDFs in comparison to the metamorphic clasts, which lack PDFs (i.e., 
the upper impactites have higher proportions of sedimentary and igneous clasts, 
whereas the lower impactites have more metamorphic clasts); 2) the material from the 
upper impactites, in particular the suevite subunits, is sourced from all parts of the 
crater and, thus, contains a wider variety of mineral, lithic and melt clasts from a 
range of shock metamorphic environments; 3) the upper impactites involve material 
derived closer to the point of impact, resulting in a larger shock pressure range than 
the material from the lower impactites, which possibly represents slumped material 
from the outer crater or material from the crater floor (see Chapter Six, Section 6.6.1).  
 
No PDFs in feldspar or any other minerals, diaplectic glass in the matrix, mineral or 
lithic clasts, coesite or stishovite were noted in this study. Diaplectic glass was, 
however, noted in clasts in the melt clasts (see Chapter Four, Section 4.3.2). 
Bartosova et al. (2009a) and Horton et al. (2009a, 2009b), however, observed PDFs in 
feldspar, diaplectic glass and coesite+quartz. These observations were, however, rare 
and generally only occurred in the upper suevite (SU) and impact melt rock subunits 
(M1 and M2).  
 
The planar deformation features of s{1121} and {2131} are common in both the 
upper suevite (SU) subunit and the suevite (S3; S1} subunits. The relative percentage 
of shocked quartz noted is 21.1% for the upper impactites (Table 5.2, 5.3; SU; S1; S3) 
and 3.6% for the lower impactites (Table 5.2, 5.3; B5; P2; P3), although there is quite 
a considerable variation in the proportion of shocked quartz grains within the subunits 
of the upper and lower impactites (Figure 5.3).  
 
There are fewer shock metamorphic features within the cataclastic gneiss block (B5) 
and the polymict impact breccia (P3; P2) subunits in comparison to the overlying 
suevite subunits. The planar deformation feature orientation of ω{1013} is common in 
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both the cataclastic gneiss block and the polymict impact breccia subunits. As a 
further indication of lower shock levels, fewer melt clasts have been observed within 
the lower impactites (see Chapter 4, Section 4.3.2).  
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Chapter Six: Discussion and Conclusions 
 
As part of the USGS-ICDP drilling of impact structures, the Eyreville B drill core in the 
Chesapeake Bay impact structure (CBIS) has provided one of the most complete profiles 
through impact and post-impact deposits of any large marine impact crater yet 
discovered. The focus of this study has been on the 154 m thick impactite sequence, 
recovered between the depths of 1397.16 and 1551.19 m. Other studies dealing with the 
impactite sequence as part of the USGS-ICDP drilling project include Bartosova et al. 
(2009a, 2009b), Belkin et al. (2009), Horton et al. (2009a, 2009b), Kenkmann et al. 
(2009), McDonald et al. (2009), Schmitt et al. (2009), Skála et al. (2009), Vanko (2009) 
and Wittmann et al. (2009a, 2009b). In addition to this, other groups researched post-
impact sediments and pre-impact target rocks (e.g., Browning et al., 2009; Gibson et al., 
2009; Kulpecz et al., 2009; Poag, 2009; Schulte et al., 2009).  
 
In this chapter, the main results of the lithostratigraphic, petrographic and geochemical 
analyses of 65 samples from the impactite sequence, described in chapters 2 to 5, are 
summarised and compared with the results from the other studies of the Eyreville B drill 
core. The results from this study have been interpreted to create a model for the impactite 
sequence as well as the Chesapeake Bay impact structure.  
 
6.1 Petrographic Characteristics of the Impactite Sequence from the Eyreville B 
Drill Core 
The impactite sequence has been divided into two units: the upper impactites and the 
lower impactites, with further subdivisions of each of these units (see Chapter One; 
Figure 1.1 and Chapter Two; Figure 2.1a; Gohn et al., 2006a, 2009; Horton et al., 2008, 
2009a). The upper, melt-rich, impactites (1397.16 to 1474.05 m) are characterised by 
suevite, impact melt rock, mixed sediment and a cataclasite gneiss boulder, whereas the 
lower, melt-poorer, impactites (1474.05 m to 1551.19 m) are dominated by polymict 
lithic impact breccia and cataclasite gneiss blocks (see Chapter One; Figure 1.1). Overall, 
the cataclasite gneiss boulder and blocks comprise approximately 45 % of the impactite 
sequence (52 % from Horton et al., 2009a). The impactite sequence overlies a 
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parautochthonous basement section comprising mica schist, granitoid, pegmatoid, 
amphibolite and calc-silicate (Gohn et al., 2006a).  
 
6.1.1 Matrix Characteristics 
Overall, the impactite sequence varies from matrix-supported (23.5 vol%) in the upper 
impactites to clast-supported (19.8 vol%) in the lower impactites (Table 6.1). The matrix 
of the upper impactites differs from the matrix of the lower impactites in terms of the 
shape of the individual matrix clasts (rounded to highly angular in the upper impactites to 
sub-rounded to angular in the lower impactites) as well as an abundance of horizontal 
alignment of melt clasts in the upper impactite unit. The horizontal alignment was 
produced by the compaction of the material after deposition. The matrix is composed of 
quartz, feldspar and mica minerals with smaller abundances of lithic and melt clasts.  
 
6.1.2 Mineral Clast Characteristics 
The mineral clast population of the impactite sequence includes quartz, feldspar 
(plagioclase and K-feldspar), mica (biotite and muscovite) as well as accessory (epidote, 
chlorite, zircon, garnet, rutile and tremolite and opaque minerals such as pyrite). In 
general, mineral clasts increase in size with depth and change in shape from rounded to 
sub-rounded to elongate/angular in the upper impactites, to sub-angular to angular in the 
lower impactites. This change in shape is predominantly a function of the mineral type. 
The abundance of quartz and mica increases with depth and, thus, the mineral clasts are 
more sub-angular to angular in shape (see Chapter Two, Section 2.3.2.1). The rounding 
of the mineral clasts in the upper impactites may be attributed to abrasion within the 
ground surge debris cloud or, possibly, the ejecta plume (see Section 6.8). 
 
6.1.3 Lithic Clast Characteristics 
The lithic clasts observed within the sequence comprise igneous (granitoid, quartz 
pegmatoid and dolerite), sedimentary (shale, sandstone, greywacke, siltstone, claystone, 
arkose, conglomerate and silty claystone) and metamorphic (phyllite, mica schist, slate, 
mafic and felsic orthogneiss) lithologies. Overall, the crystalline (igneous and 
metamorphic) and sedimentary clasts contribute 62.3 and 20.8 vol% of the total lithic 
 208 
clast composition, respectively (Table 2.5; 6.1). The lithic clasts increase in size with 
depth and vary widely in shape throughout the impactite sequence, from highly angular/ 
elongated to rounded.  
 
Table 6.1: Summary analysis of the matrix, mineral and lithic clasts from the impactite sequence of 
the Eyreville B drill core (all data in vol%).  
  Impactite sequence Upper impactites Lower impactites 
Matrix 21.9 23.5 19.8 
Quartz 12.1 9.6 14.6 
Feldspar 12.8 10.0 15.7 
Mica 8.0 6.8 9.2 
Accessory 0.7 1.1 0.2 
Granitoid 5.2 3.0 7.5 
Quartz pegmatoid 2.7 1.8 3.7 
Shale 8.6 12.3 4.8 
Sandstone 4.0 6.2 1.7 
Phyllite 9.4 5.3 13.7 
Mica schist 4.9 3.2 6.7 
Melt 12.4 22.1 2.5 
 
* Total feldspar = plagioclase + K-feldspar; Mica = muscovite + biotite (including all chlorite alteration of 
biotite); Accessory minerals = epidote, chlorite, zircon, garnet, tremolite and rutile.  
 
6.1.4 Cataclasite Gneiss 
The massive, homogeneous, cataclasite gneiss blocks show a high degree of brecciation, 
commonly show gneissic layering oblique to the core and are generally cut and displaced 
by fractures filled with calcite and quartz. These strongly deformed rocks are believed to 
have been brecciated prior to the impact (post-Alleghanian brittle or brittle-ductile 
deformation in the basement-derived section; Gibson et al., 2009; Horton et al., 2009a; 
Townsend et al., 2009). According to Gibson et al. (2009) and Townsend et al. (2009), 
the mineral assemblage of the cataclasite gneiss is consistent with retrogressed 
amphibolite-facies metamorphism, whereas Horton et al. (2009a) suggested prograde 
greenschist-facies metamorphism. Gibson et al. (2009), Schmitt et al. (2009) and 
Townsend et al. (2009) suggested that the cataclasite gneiss was possibly derived from a 
metagreywacke or felsic volcanic protolith that formed part of the same sequence as the 
mica schist found below the impactites. The rare earth element (REE) patterns of the 
cataclasite gneiss (Schmitt et al., 2009) are similar to those of the basement mica schist; 
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however, geochemical data does not allow for discrimination of whether the cataclasite 
gneiss represents metagreywacke or felsic metavolcanic rock (Townsend et al., 2009).  
 
6.1.5 Comparison with Other Drill Cores  
Drill cores recovered (between 2000 and 2002) from the Watkins School site (Figure 
6.1A) at the outer margin of the impact structure, the North (Figure 6.1B), National 
Aeronautics and Space Administration (NASA) Langley (Figure 6.1C) and the Bayside 
(Figure 6.1D) sites in the annular trough (see Chapter One, Figure 1.1) differ from the 
Eyreville B drill core. The Bayside core hole penetrated post-impact, impact-generated 
and impact-modified sediments as well as underlying Precambrian crystalline rocks 
(Horton et al., 2008), whereas the Langley drill core penetrated only Upper Eocene-
Pleistocene deposits, impact-generated deposits and underlying Precambrian 
monzogranite (Horton and Izett, 2005a).  
 
The Cape Charles STP2 (Sustainable Technology Park) test hole is located closer to the 
centre of the impact structure and was drilled to a depth of 822.7 m (Gohn et al., 2009). 
The material from the Eyreville B drill core is somewhat similar to that of the Cape 
Charles STP2 drill core (Sanford et al., 2004; Gohn et al., 2007). The STP2 test hole 
comprises 3 main units: (1) 345.9 m of post-impact Eocene, Oligocene, Miocene, 
Pliocene, and Pleistocene sands and clays; (2) 300.4 m of sediment-clast breccias and (3) 
167.4 m of suevite and shocked quartzo-feldspathic gneiss and crystalline-clast breccia 
(Figure 6.1E). The suevite in STP2 has been described by Gohn et al. (2007) as 
crystalline-clast breccia, with clasts of predominantly gneiss and chloritized mafic rock. 
In the Eyreville B core (Figure 6.1F), mafic amphibolite and chloritized mafic rock occur 
but are not as abundant.  
 
The suevite from STP2 contains abundant metamorphic and igneous clasts and less 
abundant melt clasts in comparison to the Eyreville B suevite, with only rare sedimentary 
clasts (Horton et al., 2005c, 2008), whereas sedimentary clasts constitute a large 
component of the suevite in the upper impactite unit of the Eyreville B drill core, thus 
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implying that the suevite from the STP2 test hole is similar to the lower impactite 
material from the Eyreville B drill core rather than the upper suevite-rich impactites. 
 
 
 
 
 
 
 
 
 
 
Figure 6.1: Summary geological columns with cored intervals from the A) Watkins School core hole, 
B) North drill core, C) NASA Langley drill core, D) Bayside drill core, E) Cape Charles (STP2) test 
hole and F) Eyreville B drill core from the Chesapeake Bay impact structure (from Gohn et al., 
2006a, 2006b).   
A B C D E F 
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The limited observations and available data as well as the limited amount of core 
recovered from the STP2 test hole makes more detailed comparisons with the Eyreville B 
drill core difficult (Horton et al., 2005b, 2006,a 2008; Lee et al., 2006; Gohn et al., 2007).  
 
6.2 Target Lithologies of the Chesapeake Bay Impact Structure 
As previously discussed in Chapter One (Section 1.6), the Appalachian orogenic belt 
contains complex tectonostratigraphic crystalline terranes that were amalgamated during 
a series of irregularly distributed collisional events between 550 and 250 Ma (Horton et 
al., 1989, 1991; Rankin, 1994; Hatcher et al., 2007). The Chesapeake Block is the main 
terrane of the Appalachian Orogenic belt and is reported to be composed of a variety of 
volcanic, plutonic, sedimentary and greenschist and amphibolite facies metamorphic 
rocks that have been intruded by numerous post-accretion granitoid plutons (Horton et 
al., 1991; Poag et al., 2004). The Chesapeake Block is presently mostly covered by 
Virginia coastal plain sediments (Poag et al., 2004) and is, thus, largely inaccessible for 
study. The basement target lithology of the Chesapeake Bay region comprises 615 ± 7 
Ma granite gneiss, 613 ± 10 Ma granite, 240 to 260 Ma pelitic mica schist with minor 
metagreywackes and felsic metavolcanic rocks, calc-silicate and amphibolite, phyllite of 
unknown age, and smaller intrusions of pegmatitic granite (285 – 345 Ma; Horton et al., 
2005a, 2005b; 2007, 2009a; Gibson et al., 2009; Gohn et al., 2009; Townsend et al., 
2009). The middle and upper parts of the initial target lithology comprise a 180 – 240 Ma 
sedimentary rock unit and a 400 to 700 m thick sequence of unconsolidated, Tertiary and 
lower Cretaceous Potomac marine sediments (Figure 6.2A and B; Poag et al., 2004; Gohn 
et al., 2005). According to Gibson et al. (2009), during the initial formation of the 
basement target lithologies, a variety of deformation events occurred. The earliest 
deformation event, D1, is considered to be a thrusting event that is associated with 
westward-verging collision between Laurentia and Gondwana before or during the 
Permian-Carboniferous Alleghanian orogeny (Gibson et al., 2009). 
 
This deformation affected a granite-gneiss basement, pre-Alleghanian sediments which 
probably formed around a volcanic arc, and intrusive Alleghanian granite and pegmatitic 
granite. 
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Figure 6.2: Two possible stratigraphic arrangements of target lithologies in the Chesapeake Bay 
region (after Gibson et al., 2009) to explain the variety of clasts in the Chesapeake Bay impactites. 
The pre-impact depth to target rocks increases from west to east from 500 to 1600m (McFarland and 
Bruce, 2005) and the thickness of pre-impact unconsolidated marine sediments increases in the same 
direction. A) Proposed model in which D3 late-Alleghanian strike-slip faulting juxtaposes 
amphibolites and greenschist terranes, and B) alternative model in which syn-Alleghanian D1/D2 
thrust faulting juxtaposes terranes.  
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These lithologies were then exhumed. Gibson et al. (2009) envisaged a progressive 
thrusting deformation event in which the granite and pegmatitic granite are late D1a 
intrusions that were subsequently affected by mylonitic shearing (D1b event). The granite 
gneiss, granite and pegmatitic granite are only slightly fractured and deformed, whereas 
the mica schists and phyllite clearly show pervasive S1 composite shear foliation as well 
as fracturing (Figure 6.2A and B; Gibson et al., 2009; Townsend et al., 2009). The 
mineralogy of the mica schists indicates middle to upper amphibolite facies estimated at 
approximately 0.4 to 0.5 GPa and 600 °C (Gibson et al., 2009; Townsend et al., 2009; G. 
Townsend, pers. comm., 2010).  
 
The origin of the brittle event in the rocks in the core is open to debate. It can either be 
linked to the last stages of D1b (Gibson et al., 2009) mylonitization or it could be a part 
of the regional late-Alleghanian strike-slip faulting or even younger Mesozoic normal 
faulting (Figure 6.2A and B; Gibson et al., 2009). Cataclasis was followed by filling of 
fractures with calcite and quartz veins (Figure 6.2B; Gibson et al., 2009; Townsend et al., 
2009). Careful analysis is needed to discriminate this pre-impact brittle deformation from 
syn-impact deformation (Kenkmann et al., 2009).  
 
6.3 Melt Clast Characteristics 
Observations in this study suggest two main types of melt clasts based on alteration, 
chemical composition, shape, size, texture, inclusions and colour (see Chapter Four, 
Section 4.3, Table 4.2), whereas Bartosova et al. (2009a) and Wittmann et al. (2009a) 
identified five and four melt types, respectively. Melt clast abundances are notably 
different for the upper impactites compared to the lower impactites. Proportionally, melt 
clasts are more abundant in the upper impactites than in the lower impactite unit (Table 
6.1). The overall, average, proportion of melt clasts throughout the impactite sequence is 
12.4 vol% in comparison to the matrix and mineral and lithic clasts (Table 6.1), with 
average melt abundances decreasing with depth from 22.1 vol% in the upper impactites 
to 2.5 vol% in the lower impactites (Table 6.1).  
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Throughout the impactite sequence, the type 1 melt (white, green and light brown) clasts 
dominate over the type 2 melt (dark brown and black) clasts (see Chapter Four, Figure 
4.3 and 4.10). The upper impactites contain similar proportions of type 1 and 2 melt 
clasts, whereas the lower impactites comprise predominantly type 1 melt clasts. 
Approximately 90% of the melt clasts are highly vesiculated, deformed and brecciated.  
 
Overall, the melt clasts vary widely in shape, from amoeboid, elongated and ovoid to 
highly rounded, angular and contorted in the upper impactites, to sub-rounded and 
angular in the lower impactites, and they decrease in size with depth. The larger, 
amoeboid, elongated, contorted melt clasts in the upper impactites would have stayed 
hotter for longer (due to the size of the clasts, smaller clasts quench quickly) and, thus, 
are more likely to have been plastically deformed during and immediately after 
deposition. The size and shape of the melt clasts in the upper impactites indicates aerial 
transportation, suggesting that these melt clasts represent fallback material from the 
ejecta plume (in agreement with Horton et al., 2009a; Wittmann et al., 2009a).  
 
The smaller, angular melt clasts from the lower impactite unit indicate far more post-
quenching transport damage than observed in the upper impactites. The smaller clasts are 
more angular, suggesting they represent broken fragments from melt clasts that quenched 
earlier or that melt clasts were transported within the breccia further after quenching, 
which caused more breaking of clasts. Grinding between the cataclasite gneiss blocks 
may have played a role in this process (see Section 6.1.4).  
 
The melt clasts are internally highly heterogeneous and are generally flattened and 
elongated and display laminar flow structures (schlieren/banding) that vary in colour 
from light to dark greenish-brown to brownish-black. Not all of the schlieren lie 
horizontally in the core, indicating that most of the plastic deformation occurred during 
aerial transport or turbulent ground-surge movements before compaction. The irregular 
edges of the melt clasts are an overall indication of vigorous interaction with the 
enclosing matrix, while the melt clasts were still viscous (Wittmann et al., 2009a).  
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The melt clasts commonly contain diaplectic quartz inclusions (Bartosova et al., 2009a; 
Horton et al., 2009a) and are generally altered to phyllosilicate minerals. The melt clasts 
from the impactite sequence are similar to the glassy flow-laminated melt clasts from the 
STP2 test hole (Horton et al., 2008). Bartosova et al. (2009a); Gohn et al. (2009); Horton 
et al. (2009a); Schmitt et al. (2009a) and Wittmann et al. (2009a) all noted similar 
characteristics of colour, shape and size to this study.  
 
6.4 Geochemical Analysis and Characterisation of the Impactite Sequence from the 
Eyreville B Drill Core 
Major, trace and rare earth element chemical composition data of the upper and lower 
impactites from the impactite sequence was performed in order to investigate the 
provenance of the impactites.   
 
Through petrographic and geochemical modelling, the matrix of the upper impactites has 
been shown to be composed primarily of quartz, feldspar and mica with minor amounts 
of accessory minerals. These data most closely reflect a mixture of minerals derived from 
a granitoid source, suggesting the granite and granite gneiss from the basement section 
and megablock are dominant contributors, with smaller abundances derived from mica 
schist and amphibolite. These results are supported by clast abundances of 12.1 vol% 
quartz, 12.8 vol% feldspar, 8.0 vol% mica and 0.7 vol% accessory minerals (Table 6.1), 
as well as mineral clast characteristics (mineral chemical data), which agree best with the 
crystalline basement rocks described by Townsend et al. (2009; see Chapter Three, Table 
3.5; Figure 3.6, 3.7).  
 
Overall, the bulk-rock compositions of the upper and lower impactite units are very 
similar, with only minor differences related to the differing clast populations and 
proportions (see Chapter Three; Figure 3.1). The impactites display a general decrease in 
SiO2 and Na2O and an increase in TiO2, Al2O3, Fe2O3, MgO and K2O with depth (see 
Chapter Three; Table 3.6; Figure 3.1). The decrease in SiO2 is attributed to the decrease 
in silica-rich sedimentary clasts with depth. The Na2O enrichment in the upper impactites 
could be as a result of a higher granitic clast component (Schmitt et al., 2009; Wittmann 
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et al., 2009a, 2009b; which was not observed in the clast data of this study) or seawater 
infiltration (Schmitt et al., 2009; Wittmann et al., 2009b; see Chapter Three, Section 3.3; 
Table 3.4; Figure 3.1) in the upper impactite unit.  
 
The increase in TiO2, Al2O3, Fe2O3, MgO and K2O with depth reflects the increase in 
mica schist, felsic and mafic gneiss with depth as these rocks are relatively abundant in 
these major oxides. No significant trend in CaO with depth was noted (Figure 3.1). Both 
Bartosova et al. (2009b) and Schmitt et al. (2009) noted, however, that the CaO content 
decreases with depth. In general, though, throughout the impactite sequence there is a 
very low CaO abundance; however, calcite pre-impact alteration is evident. Negative 
correlations of TiO2, Al2O3, Fe2O3 and MgO with SiO2 were obtained in this and other 
studies (Bartosova et al., 2009b; Schmitt et al., 2009). This study showed a slight positive 
correlation of Na2O with SiO2 and no correlation of K2O with SiO2 (see Chapter Three; 
Figure 3.2). No correlations of Na2O, K2O and CaO with SiO2 were indicated by 
Bartosova et al. (2009b) and Schmitt et al. (2009). Overall, these observations suggest 
that the upper impactites are relatively enriched in SiO2 and Na2O whereas the lower 
impactites are enriched in TiO2, Al2O3, Fe2O3, MgO and K2O.  
 
The average K2O abundance of the impactite sequence is 3.05 wt% (see Chapter Three; 
Table 3.4), which is slightly higher than the average K2O abundance of the continental 
crust (2.6 wt%; Wedepohl, 1995). This K2O enrichment throughout the impactite 
sequence of the Eyreville B drill core is not regarded as a result of post-impact alteration 
(Schmitt et al., 2009; Wittmann et al., 2009b) but rather owing to the high proportion of 
K2O-rich target rocks, in particular the granite (9.87 wt%) and mica schist (3.86 wt%; see 
Chapter Three; Figure 3.2). In general, the impactite samples that were analysed in this 
study display relatively high abundances of FeO and MgO with smaller abundances of 
K2O and Na2O, with little to no CaO, which is comparable to observations made by 
Bartosova et al. (2009b) and Schmitt et al. (2009) as shown in the comparison ternary 
plot (Figure 6.3).  
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Figure 6.3: Ternary discrimination diagram (CaO – (FeO + MgO + TiO2) – (K2O + Na2O) (all data in 
wt%)) showing the compositions of the investigated impactites from the Eyreville B drill core from 
this study (grey; 20 samples analysed) compared to those of the average impactite compositions from 
Bartosova et al. (2009b; solid line; 85 samples analysed) and Schmitt et al. (2009; dashed line; 175 
samples analysed).  
 
The trace elements generally show an increase in abundance with depth (see Chapter 
Three; Figure 3.13). The impactites are enriched in lithophile and chalcophile elements, 
whereas the siderophile elements display much lower abundances. All analysed impactite 
samples are enriched in rare earth elements relative to C1 chrondritic abundances and 
generally show similar REE patterns, with the light REE slightly enriched relative to the 
heavy REE. Overall, the impactites display similar REE patterns to the schist of the 
basement-derived section, the cataclasite gneiss and the granitic gneiss of the megablock 
section (see Chapter Three, Section 3.7; Figure 3.22), further supporting that they are the 
primary sources for the clasts of the impactite sequence. 
K2O + Na2O FeO + MgO 
CaO 
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Comparing with basement data (from Townsend et al., 2009), the upper impactites are 
most comparable with the calc-silicate, granite, granite gneiss, pegmatite, phyllite and 
sedimentary clasts from the basement-derived section, whereas the lower impactites 
correlate more closely with the amphibolite, mica schist and phyllite of the target rocks 
(Figure 6.4; see Chapter Three; Table 3.6).  
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Figure 6.4: Ternary discrimination diagram (Al2O3 – (K2O+Na2O) – FeO+MgO+TiO2) showing the 
bulk rock compositions of the investigated impactites from the Eyreville B drill core, compared with 
the average compositions of the main basement lithologies (after Bartosova et al., 2009b; Schmitt et 
al., 2009 and Townsend et al., 2009), minerals from the impactite sequence as well as the basement 
(after Townsend et al., 2009) and impactite compositions (light green, dashed field) from Bartosova et 
al. (2009b) and Schmitt et al. (2009). All data in wt%.  
 
Overall, geochemical analysis indicates that data for the matrix, mineral and lithic clast 
types, major and trace elements as well as REE favour mostly crystalline target rocks as 
the source for the impactite sequence. 
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6.4.1 Geochemical Analysis and Characterisation of the Melt Clasts 
This section of the study involved EMP microchemical analysis undertaken on the melt 
clasts from the upper impactite unit, as the lower impactites have an extremely low 
abundance of melt clasts and any melt that was observed has been shown to be highly 
vesiculated and brecciated, which hampered the acquisition of good compositional data. 
As stated previously, the impactite sequence comprises 2 types of melt clasts: (1) banded 
(light brown, green, white (colourless in thin section)) and (2) massive (dark brown and 
black) with an overall higher abundance of banded (type 1) melt clasts. 
 
The melt clasts are silica-rich, ranging from 42 (poor totals) to 99 wt% SiO2. Al2O3 
reaches up to 35 wt%, whereas CaO is generally less than 5 wt%. No correlation exists 
between Al2O3 and CaO, which suggests that there was no melting of Al-Ca phases (see 
Chapter Four; Figure 4.14 B; 4.15 B; Appendix 3a). Bartosova et al. (2009a, 2009b) and 
Wittmann et al. (2009a, 2009b), however, showed a range of SiO2 contents between 63 
and 97.8 wt% and 60 and 95 wt%, respectively. Na2O+K2O shows up to 16 wt% for both 
melt types. The chemical analysis of the melt clasts indicate different inputs of feldspar 
(plagioclase and K-feldspar), amphibole and mica minerals (see Chapter Four, Figure 
4.14 and 4.15), which are highly common in clasts throughout the impactite sequence and 
in the crystalline basement rocks.  
 
The slight positive correlation between FeO and MgO suggests ferromagnesian minerals, 
such as chlorite, biotite, muscovite and amphibole, were the primary contributors of these 
elements to the melt compositions, rather than Fe oxides or sulphides (see Chapter Four, 
Figure 4.14D). Overall, it can be suggested that the melt clasts represent mixed melts of 
different minerals, such as quartz, feldspars, amphiboles and phyllosilicates, in varying 
proportions. These minerals are the predominant minerals of granite, granite gneiss and 
mica schists from the basement-derived target rocks. Similar observations have been seen 
in other impact structures (e.g., Coney et al., 2009).  
 
Figure 6.5 shows an overlap between the results for this study and Wittmann et al. 
(2009b). This diagram suggests that there may be predominantly quartz input with minor 
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feldspar (plagioclase and K-feldspar) and lesser amphibole and phyllosilicate inputs. The 
target rock lithologies of mainly granite, granite gneiss, mica schist and calc-silicate 
overlaps the melt clast field (from this study) close to the SiO2 apex of the ternary plot 
shown in Figure 4.16.  
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Figure 6.5: Ternary discrimination diagram (Al2O3 - (MgO+FeO) - SiO2 showing the compositions of 
the investigated melt clasts from this study (grey) from the impactite sequence of the Eyreville B drill 
core compared to the average melt clast compositions from Wittmann et al. (2009; dashed line) as 
well as the target rock field (solid line). All data in wt%.  
 
Direct overlaps between the melt clasts, minerals and target rock lithologies as well as the 
matrix compositions from the upper impactites of the impactite sequence are evident and 
explained mainly with melting of quartz, plagioclase, K-feldspar, granite, granite gneiss, 
mica schist and calc-silicate (see Figure 4.16). It is clearly evident from Figure 4.16, that 
the melt clasts do not represent single mineral melts but are rather made up of mixtures of 
minerals. Internal compositional variation within individual melt clasts is indicated by 
distinct, layered flow bands within the melt clasts. Results from EMPA and SEM indicate 
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that the dark grey bands (colourless to light brown in microscopic analysis) are enriched 
in SiO2, whereas the light grey bands (dark brown and black in microscopic analysis) are 
enriched in Na2O.  
 
6.5 Shock Analysis of the Impactites from the Eyreville B Drill Core 
In order to ascertain the degree of shock metamorphism throughout the impactite 
sequence, mineral (specifically quartz), lithic clasts, and clasts in melt clasts were 
analysed for shock metamorphic features. Overall, planar deformation features (PDFs) 
are far more common than planar fractures (PFs), with mostly 1 or 2 sets of PDFs, rarely 
more, being observed. This is comparable to the observations of Bartosova et al. (2009a) 
and Wittmann et al. (2009a). Approximately 24.7 rel% of all quartz grains throughout the 
impactite sequence, are shocked (see Chapter Five, Table 5.2, 5.3). In the upper and 
lower impactites, a maximum of 23.6 and 13.3 rel% of quartz grains with 1 or more PDF 
sets were observed, respectively (Chapter Five; Table 5.2, 5.3). Thus, the upper, melt-rich 
impactite unit contains more significantly shocked clastic material than the lower, melt-
poor, impactites (Chapter Five; Figure 5.3).  
 
Further analysis showed that single quartz grains within the matrix were shocked to a 
maximum of 8.8 rel%, whereas quartz grains in polycrystalline rock clasts were shocked 
to a maximum of 15.9 rel% (Chapter Five; Table 5.3), thus indicating that shock features 
are best developed in rock clasts. The combined petrographic and geochemical evidence 
suggests that the mineral clasts are most likely derived from the crystalline basement 
section. In general, coarser-grained sedimentary clasts are shocked to a slightly higher 
degree than igneous clasts with 8.6 and 7.2 rel% of shocked quartz grains, respectively 
(Chapter Five; Table 5.3). No shock metamorphic features were seen in fine-grained 
metamorphic and fine-grained sedimentary rock clasts such as phyllite, siltstone and 
shale.  
 
Mosaicism, high-pressure polymorphs (stishovite, coesite and reidite) and shock features 
in other minerals besides quartz were not observed in this study; however toasted quartz 
and diaplectic quartz were noted (see Chapter Four, Section 4.3 and Chapter Five, 
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Section 5.3.1). Bartosova et al. (2009a), Horton et al. (2009a, 2009b) and Wittmann et al. 
(2009a, 2009b) found rare feldspar (plagioclase and K-feldspar) and mica grains with 
PDFs, and pyroxenes, amphiboles, micas, garnets and zircons displaying planar structures 
and kink-banding. Horton et al. (2009a, 2009b) and Wittmann et al. (2009a, 2009b) did, 
however, identify coesite, stishovite and reidite high-pressure polymorphs through 
petrographic and XRD analysis. In comparison to the impactite sequence of the Eyreville 
B drill core, the STP test hole revealed clasts showing multiple sets of decorated PDFs in 
both quartz and feldspar in clasts from suevite and brecciated gneiss (Horton and Izett, 
2005a; Horton et al., 2005b).  
 
Quartz grains with both single PDF sets and multiple PDF sets decrease in abundance 
with depth (Chapter Five; Figure 5.3). With regards to the individual impactite subunits, 
the suevites contain the highest abundance of shocked material (Chapter Five; Table 5.2; 
Figure 5.3), which is consistent with the highest proportion of melt clasts (see Chapter 
Four; Section 4.3.1). Owing to the presence of melt clasts and a range of shock features, 
French (1998), Koeberl and Martínez (2003) and Ferrière et al. (2010) proposed an upper 
limit of between 45 and 70 GPa for estimated shock pressures for the upper impactites 
(see Chapter One; Table 1.1). The lower impactite subunits lack abundant melt clasts and 
shocked material and are, thus, indicative of lower maximum shock pressures of 
approximately 30 GPa (Stöffler and Langenhorst, 1994; Huffman and Reimold, 1996; 
Ferrière et al., 2010) or of greater dilution with weakly shocked material.  
 
6.6 Hydrothermal Systems in Marine Impact Craters 
Impact events are known to generate hydrothermal alteration in impact structures 
(Naumov, 2002, 2005; Reimold et al., 2005) and can produce a considerable amount of 
localised intra-crater heat sources such as impact melt bodies within the post-impact 
crater-fill material or uplift of hot basement material in the central uplift (Horton et al., 
2005b; Naumov, 2005).  
 
The geological setting of marine impact craters allows for the influx of porous, permeable 
and saturated fallback material, oceanic resurge and sediment-gravity flow material into 
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the crater, burying impact melt and suevites (Vanko, 2009). The water in these impact 
sediments and the overlying seawater provides a large reservoir of hydrothermal fluids 
which can easily infiltrate through the unconsolidated sediments into the underlying 
impact breccia (consolidated or unconsolidated) and fractured basement material (Figure 
6.6).  
 
 
 
Figure 6.6: Schematic diagram of a post-impact hydrothermal fluid system in a complex impact 
crater. Fluid is drawn inwards and downwards by the hot central uplift and impact breccias. Cells 
may operate on different scales.  
 
Post-impact hydrothermal systems have been observed in numerous marine and non-
marine impact structures. With regards to the Chesapeake Bay impact structure, the 
continental shelf environment would have allowed for post-impact hydrothermal 
convection as the siliciclastic sedimentary material would have been porous and 
permeable and saturated with seawater (Horton et al., 2005b; Vanko, 2009). The Exmore 
breccia and the impactite sequence would have possibly provided pathways for the 
convecting hydrothermal fluids (Horton et al., 2009a; Vanko, 2009). The heat sources 
such as the impact melt sheet or the hot basement material in the central uplift would 
have created steep thermal gradients that would have driven hydrothermal convection 
immediately after the impact event (Figure 6.6; Vanko, 2009).  
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Important evidence of hydrothermal activity in impact structures is the identification of 
hydrothermal minerals, which generally form soon after the impact event (Vanko, 2009), 
such as cross-cutting veins and patches of quartz and calcite, secondary phyllosilicates 
(smectite), zeolites, secondary pyrite and chalcopyrite, phillipsite, montmorillonite, 
chalcedony, chamosite and mordenite, which in part have been observed in this study as 
well. 
 
6.6.1 Petrographic and Geochemical Characterisation of Alteration of the Impactite 
Sequence from the Eyreville B Drill Core 
Pre- and post-impact hydrothermal alteration that has altered the mineralogy and 
chemical composition of the rocks is clearly evident in the Eyreville B drill core. 
Evidence of pre- and post-impact hydrothermal alteration in the impactite sequence has 
been observed in this and other studies (Bartosova et al., 2009a, 2009b; Horton et al., 
2009a, 2009b; Gibson et al., 2009; Larsen et al., 2009; Townsend et al., 2009; Vanko, 
2009; Wittmann et al., 2009a) and includes the presence of sericitization (or albitization 
of feldspar), chloritization of biotite and amphibole, spherulitic devitrification of glass to 
phyllosilicates, fine- to coarse-grained, mm- to cm-sized secondary carbonate, quartz and 
calcite veins and pods. 
 
6.6.1.1 Pre-impact Hydrothermal Alteration 
Evidence of pre-impact hydrothermal alteration is apparent by the observation of pre-
impact hydrothermal veins and minerals in the clasts and in the basement-derived section 
(Townsend et al., 2009). Veins and pods of quartz and calcite in the suevite and lithic 
breccias of the impactite sequence are common (see Chapter Two; Figure 2.3, 2.8, 2.10, 
2.11). The cataclasite gneiss in the impactite sequence and the basement are strongly 
deformed (brittle deformation), consistent with retrogressed amphibolite-facies 
metamorphism. 
 
Gibson et al. (2009), Horton et al. (2009a) and Townsend et al. (2009) examined the 
crystalline basement sequence below the impactites and the megablocks. Reconstruction 
of the metamorphic history of the rocks shows that some retrograde effects related to 
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mylonitisation and brecciation occurred prior to the impact (Gibson et al., 2009; 
Townsend et al., 2009). The principal effect among these are calcite-quartz-epidote-
chlorite veining with brecciation. Gibson et al. (2009) attributed this to either late D1b 
mylonitisation or to late-Alleghanian D2 strike-slip faulting. The near-vertical 
orientations of these fractures may favour the latter, but Townsend et al. (2009) noted a 
variety of moderate to steep striations, which is more consistent (Kenkmann et al., 2009) 
with dip-slip faulting. The basement block, however, might not be in situ (see Section 
6.8). Pre-impact alteration is strongest adjacent to fractures and includes chloritization of 
micas and amphiboles and sericitization of feldspars. Some of the alteration in the 
impactite mineral clasts may be related to this. Based on fluid inclusion studies by Horton 
et al. (2006a), the hydrothermal fluids that are associated with the pre-impact calcite 
veining from the crystalline basement reached temperatures of between 220 and 300 °C. 
 
Some minerals observed in the suevite and lithic breccias have been partially or totally 
replaced by secondary minerals. Feldspar is altered to sericite (sericitization) and biotite 
to chlorite (chloritization). Lithic clasts show truncated quartz and calcite veining at clast 
edges. This alteration is, thus, considered to be pre-impact as the same alteration effects 
were observed in the basement-derived lithologies (Bartosova et al., 2009a; Horton et al., 
2009a). Granite, granite gneiss and mica schist of the target rock lithologies show 
common sericitization and chloritization effects (Gibson et al., 2009; Townsend et al., 
2009), whereas phyllites and greywackes generally show sericitization (Bartosova et al., 
2009a; Wittmann et al., 2009a). Numerous vein (quartz-pyrite) and cavity-filling 
(unshocked quartz and two-phase fluid inclusions) minerals have also been observed in 
the granite and amphibolite megablock and are also pre-impact (Vanko, 2009).  
 
6.6.1.2 Post-impact Hydrothermal Alteration 
Evidence of post-impact hydrothermal alteration is known for more than 60 impact 
structures (Naumov, 2002, 2005). Cross-cutting veins and patches of quartz and calcite, 
as well as secondary phyllosilicate minerals (smectite), zeolites, secondary pyrite and 
chalcopyrite and other sulphides, have all been observed in the impactite sequence of the 
Eyreville B drill core, in this and other studies (e.g., Bartosova et al., 2009a; Horton et al., 
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2009a; Vanko, 2009; Wittmann et al., 2009a). Other post-impact, low-temperature, 
hydrothermal minerals that have been noted by the respective authors in the impact melt 
rocks, suevites and cataclasite gneiss subunits are phillipsite, montmorillonite, 
chalcedony, chamosite and mordenite (Horton et al., 2009a; Vanko, 2009).  
 
The melt clasts, predominantly in the suevite subunits but also in the lower polymict 
lithic impact breccia, have been highly altered to smectite. In some instances, secondary 
carbonate partially replaces the altered melt clasts (see Chapter Two, Four; Figure 2.16, 
4.4D). This is consistent with hydrothermal alteration in Na-rich marine or brackish 
environments (Vanko, 2009). 
 
With regards to a hydrothermal system in the Chesapeake Bay impact structure, a small, 
low-temperature system (< 300 °C) was created and produced low-temperature post-
impact hydrothermal minerals such as calcite and quartz veins, smectite, chlorite and 
sulphide (Larsen et al., 2006; Stephens et al., 2007). There appears to be an overall 
absence of high-temperature hydrothermal mineral assemblages within the impact 
structure; however, high-temperature (between 300 and 400 °C) effects have been 
observed within the core (USGS Cape Charles pilot test hole) from the central peak 
(Larsen et al., 2006; Stephens et al., 2007; Belkin et al., 2009; Vanko, 2009).  
 
In comparison to the Chesapeake Bay impact structure, the Chicxulub impact crater 
(Mexico), shows post-impact hydrothermal alteration minerals in the basement rocks. 
Fluid inclusions in secondary quartz, calcite and dolomite from the Cretaceous sediments 
below the suevitic breccia have indicated temperatures of around 285 °C (Gonzalez-
Partida et al., 2000; Naumov, 2005). Chicxulub contains minerals that have high-
temperature (>300 °C) or low-temperature (<300 °C) hydrothermal origin (Zürcher and 
Kring, 2004). The Lockne marine impact crater (Sweden) contains hydrothermal calcite, 
quartz and sulphides that show temperatures of up to 210° C (Sturkell et al., 1998).  
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6.7 The Chesapeake Bay Cratering Event 
6.7.1 Impactite distribution 
The Chesapeake Bay impact structure is one of only a few impact structures that have 
preserved a variety of distal deposits. Apart from the Chicxulub multi-ring basin, the 
Chesapeake Bay, Popigai, Bosumtwi and Ries impact structures have formed the most 
widespread, best documented, ejecta strewn fields on Earth (Poag et al., 2004; Coney et 
al., 2009). The North American tektite strewn field was initially discovered through 
surface outcrops and deep sea drill cores (Poag et al., 2004). This field has been estimated 
to cover an area of approximately 9 million km2 (see Chapter One; Figure 1.8) from the 
western North Atlantic, to the Caribbean Sea, Gulf of Mexico, Barbados and Cuba to the 
coastal plains of Texas and Georgia (Glass, 1989; Poag et al., 2004). The ejecta deposits 
consist of tektites, microtektites, shocked mineral grains and high-pressure polymorphs 
such as coesite and stishovite (Glass, 1989, 2002; Koeberl, 1989). The Chesapeake Bay 
impact structure is considered to be the prime source of the strewn field owing to the 
geographical proximity of the field to the impact structure, the chemical similarity of the 
tektites and impact glasses and melts in the crater, as well as the comparable ages of the 
tektites (approximately 35.2 ± 0.3 Ma to 35.5 ± 0.3 Ma) and the Chesapeake Bay impact 
structure (approximately 35.3 Ma; Poag and Aubry, 1995a). According to Koeberl 
(1989), the ejecta could have been dispersed in irregular rays, extending radially outward 
from the site of impact, rather than forming a continuous thin blanket as suggested by 
Glass (1989). The current distribution may reflect numerous factors such as differential 
erosion, post-impact tectonic activity, as well as the angle of the projectile/angle of 
impact (Glass, 1989; Wittmann et al., 2009a, 2009b).  
 
6.7.1.1 Impact Angle  
The angle of impact, for the Chesapeake Bay event has been widely debated (Pierazzo 
and Melosh, 2000; Poag et al., 2004; Horton et al., 2005c; Kenkmann et al., 2009). 
According to Pierazzo and Melosh (2000), a highly oblique (< 30°) impact produces a 
shallower transient cavity, generates less impact melt, produces less shock metamorphic 
overprint on the basement target rocks and strongly affects the geometry of the ejecta 
blanket, whereas a low oblique (between 20 and 45°) impact creates a more distinct crater 
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rim (Herrick and Forsberg-Taylor, 2003) with symmetric ejecta patterns. Geophysical 
analysis of the Chesapeake Bay impact structure by Poag et al. (2004) and Horton et al. 
(2005d) indicated an asymmetric geometry for the boundaries of the impact structure, 
which is comparable to the interpretations by Shah et al. (2005) of a central magnetic 
anomaly that is offset from the centre of the impact structure. In order to produce such a 
feature, the respective authors have suggested the possibility of a strongly oblique impact 
with a NE to SW trajectory. The distribution of the North American tektite strewn field 
has been shown to be south-west of the impact structure and, thus, supports the 
projectile’s oblique NE-SW path theory (Collins and Wünnemann, 2005). Initial 2D 
modelling of the projectile’s trajectory suggested a vertical impact; however, owing to 
the distribution patterns of the North American tektite strewn field and according to 3D 
modelling, an oblique impact angle is now preferred (Collins and Wünnemann, 2005; 
Deutsch and Koeberl, 2006; Kenkmann et al., 2009).  
 
Similar to the impact angle of the Chesapeake Bay impact structure, the Bosumtwi 
(structure) impactite distribution may be explained by a strongly oblique impact, 
originating from the east with an impact angle of between 45° and 20° (Gault and 
Wedekind, 1978; Melosh, 1989; Coney et al., 2009).  
 
6.8 Proposed Model for the Formation of the Chesapeake Bay Impact Structure 
The Eyreville A, B and C drilling projects recovered, in total, 1766.3 m of core which 
comprises 444 m of Upper Eocene to Quaternary post-impact sediments, 935 m of 
impact-modified and impact generated sediments, 154 m of impactites and 215.3 m of 
crystalline basement-derived target rocks (Gohn et al., 2006a; Horton et al., 2008; Horton 
et al., 2009a; Edwards et al., 2009). The following sequence of events is suggested, based 
on observations and data collected from this study as well as numerical modelling by 
Collins and Wünnemann (2005) and Kenkmann et al. (2009), for the formation of the 
Chesapeake Bay impact structure: 
1. The target lithology of the Chesapeake Bay impact structure consisted of an eastward-
thickening pile of unconsolidated marine sediments; a thin layer of sedimentary rocks; 
phyllite of unknown thickness and a metamorphic basement of mica schists, amphibolite 
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and calc-silicate, granite and pegmatitic granite intrusions as well as basement gneiss (see 
Section 6.1.1, Figure 6.2A and B). 
2. A 3.2 km diameter projectile travelling at speeds of approximately 16 km/s impacted 
the target lithology at an oblique angle (Figure 6.7A; Collins and Wünnemann, 2005 and 
Kenkmann et al., 2009).  
3. During the first 20 seconds after the impact, excavation and expansion of the crater 
cavity occurred (contact and compression phase). Approximately 20 seconds after the 
impact, the crater began to collapse and an outward flow of weak upper layers (water and 
unconsolidated sediments) formed beyond the rim of the crater, driven by water surge. 
The upper crystalline basement initially sheared upwards and outwards and, thus, was 
strongly disrupted, fractured and brecciated (Figure 6.7B). 
4. Within approximately 30 to 40 seconds after impact, a high-energy plume and ejecta 
curtain, which comprised a large proportion of the target material, was created. This 
material expanded upwards and outwards during crater growth (Figure 6.7B; Kenkmann 
et al., 2009).  
5. Approximately 1.5 to 5 minutes after the impact, while the crater was experiencing 
ongoing collapse, deposition of the ejecta plume (spherules and fallback suevite 
component) occurred and the resurge flow/debris began to move inwards towards the 
centre of the crater (Figure 6.7B and C).  
6. During the modification stage (between 5 and 7 minutes), the basement of the central 
crater was uplifted (rising approximately a few hundred metres from its original position; 
Poag et al., 2004). As the resurge deposit advanced towards the centre of the crater, 
fracturing and slumping of the basement material (mica schists and cataclasite gneiss 
blocks) from the transient crater walls, occurred (Figure 6.7C; Gohn et al., 2009).  
7. The within-crater material, which represents the ground-surge deposits, moved around 
within the crater (between approximately 4 and 7 minutes) and possibly incorporated a 
large volume of the material derived from the slumping of the crater walls. The 
cataclasite gneiss blocks in particular were mixed in with the lower polymict impact 
breccia. The mixing of the breccias and blocks occurred due to the outward ground-surge 
movement at the base of the advancing ejecta curtain, which involved inward slumping 
and mixing of unshocked blocks from the outer part of the transient crater. This material 
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(which includes the lower suevites, impact melt rock and polymict lithic impact breccia) 
has been suggested as ground-surge deposits as opposed to fallback material, owing to: 
(1) the lack of evidence of dynamic transportation or movement; (2) the time of 
transportation and deposition (this material was deposited between 5 and 7 minutes, prior 
to the arrival of the resurge deposits) was too short for the material to have moved out of 
the crater. This process eventually resulted in the subhorizontal layering of the upper and 
lower impactites (Figure 6.7C).  
8. The late stages of the modification phase involved the slumping of the granite and 
amphibolite megablocks from the transient crater rim (Horton et al., 2007, 2008). These 
blocks might also have slid into the central crater along with wet sediments (possibly 
sand). Overall, the basement material, cataclasite gneiss blocks and the megablocks show 
a distinct lack of shock metamorphic features, which suggests this material originated 
possibly from the outer transient crater walls where the shock deformation was <10 GPa 
(Gohn et al., 2009). Alternatively, this material could have been derived from the edge of 
the central uplift; however, rocks from the central uplift would probably be expected to 
display more evidence of shock than rocks from the outer walls (Figure 6.7C; Collins and 
Wünnemann, 2005; Gohn et al., 2009; Horton et al., 2009a; Kenkmann et al., 2009; 
Wittmann et al., 2009a). A 38 km wide crater (Poag et al., 2004; Collins and 
Wünnemann, 2005; Horton et al., 2005c) was produced in the basement rocks with shock 
waves radiating outwards through the target. 
9. Approximately 7 to 12 minutes after the impact, the resurge deposit (ocean-resurge and 
avalanche deposits) flowed back into the crater and the collapsing airborne material 
eventually became entrained in the resurge flow (Collins and Wünnemann, 2005; Gohn et 
al., 2009; Horton et al., 2009a; Kenkmann et al., 2009). Between 12 and 20 minutes, the 
Exmore beds (which formed in the turbulent conditions of the resurge flow and contain 
much of the airborne ejecta) flowed into the crater at speeds of up to 100 m/s and filled 
the inner basin, blanketing the impactite sequence with up to 950 m of impact-related 
sedimentary-clast breccia deposits (Poag et al., 2004). Finally, after 20 minutes, the 
resurge deposition ended (Figure 6.7D; Horton et al., 2009a) and normal marine 
sedimentation resumed.  
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6.8.1 Proposed Model for the Formation of the Impactite Sequence of the Eyreville 
B Drill Core 
The impactite sequence from the Eyreville B drill core consists of suevites and lithic 
clast-dominated polymict impact breccias containing a variety of mineral, lithic and melt 
clasts derived from a variety of target rock lithologies and locations within the crater.  
 
The characteristics (shape, size, composition, degree of shock metamorphism) and 
distribution of the clasts allows modelling of the formation of the impactites. Based on 
this and other studies, the following sequence of events is suggested in order to explain 
the formation of the impactite sequence: 
1. The upper suevite (SU) subunit from the upper impactite unit of the impactite sequence 
contains proportionally more shocked material than the underlying subunits, is 
compositionally heterogeneous and contains a higher proportion of melt clasts that have 
variable shapes (angular, contorted and elongated). These observations are consistent 
with the upper suevites representing material/deposits of essentially fallback debris from 
the collapsing ejecta plume or curtain (Figure 6.7C, Figure 6.8A and B; Figure 6.9; Gohn 
et al., 2009; Horton et al., 2009a; Wittmann et al., 2009a).  
2. The impact melt rock (M1 and M2) subunits represent either the detached remnants of 
the melt lining from the transient crater that eventually became entrained in the lithic 
debris during the collapse of the transient crater and the formation of the central uplift, or 
possibly, piles of melt “fladen” derived from the fallback debris (Bartosova et al., 2009a, 
2009b; Horton et al., 2009a, 2009b; Wittmann et al., 2009a).  
The interaction between the impact melt rocks and the individual suevite subunits 
occurred before the resurge flow was deposited (see Chapter Two, Section 2.4.1.2; Figure 
6.8A and B; Figure 6.9; Gohn et al., 2009; Horton et al., 2009a; Kenkmann et al., 2009; 
Wittmann et al., 2009a). 
3. The S2 and S3 suevite subunits are highly melt-rich, but show an increase in lithic 
clasts with depth. Melt clasts are fluidal and amoeboid in shape and often show extreme 
elongation as well as abundant flow structures (schlieren). The amoeboid shapes may 
indicate deformation while still hot in the deposit.  
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Figure 6.7: Model for the formation of the Chesapeake Bay impact structure. A) An oblique impact, 
travelling from North-East to South-West impacts the target. B) Fracturing and brecciation of the 
target rocks by the propagation of the shock wave. Ejection of distal ejecta and formation of the 
ejecta curtain and ejecta plume. Continued on next page.  
 233 
 
 
Figure 6.7 (continued): C) The formation of the central uplift as well as the development of the upper 
impactite suevites from the ejecta curtain/plume as well as ground surge development. D) The 
formation of the uppermost fallback material from the ejecta plume, as well as the settling of the 
material within the impact crater. 
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Figure 6.8: Model for the formation of the impactite sequence from the Eyreville B drill core of the 
Chesapeake Bay impact structure. A) Deposition of the ejecta plume and collapse of the crater wall. 
B) Settling of the upper and lower impactite material before return of resurge flow.  
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Not all of the flow structures lie horizontally in the core, thus suggesting that much of the 
plastic deformation occurred either during aerial transport or turbulent ground-surge 
movements and not during compaction. These observations indicate that these suevite 
subunits represent a mixture of the slumped ground-surge material and fallback debris 
from the expanding and collapsing ejecta plume that became entrained in the ground-
surge deposit (Figure 6.8A and B; Figure 6.9; Horton et al., 2009a; Kenkmann et al., 
2009). 
4. The lower suevite (S1) subunit contains sparse melt clasts, with an increase in the lithic 
clast component with depth. Melt and lithic clasts are predominantly subrounded to 
angular in shape. The rounding of the clasts could be due to mechanical transportation, 
thus, suggesting that this subunit represents a ground-surge deposit. This subunit is 
considered to be part of the depositional continuum with the underlying polymict impact 
breccia (Figure 6.8A and B; Figure 6.9; Gohn et al., 2009; Horton et al., 2009a). The 
smaller, angular melt clasts from the S1 subunit suggest far more transport damage than 
in the upper impactite subunits. The smaller clasts are more angular, suggesting that they 
represent broken fragments from melt clasts that either quenched earlier because they 
were smaller or melt clasts that were transported further under turbulent conditions that 
caused them to break.  
5. The polymict impact breccia (P1-P5) subunits are similar to S1 and represent the 
slumping and mixing with unshocked material from the outer crater walls (ground-surge 
within the crater). The smaller sizes, angular shapes and schlieren of the melt clasts 
indicate that a vigorous interaction between the original material in the rock and the 
viscous melt clasts took place (Wittmann et al., 2009a). The cataclasite gneiss blocks, as 
previously stated, slumped in from the outer transient crater walls and were incorporated 
into the ground-surge deposits.  
 
Overall (from the observations of point 1 to 5), the impactite sequence represents both 
fallback debris from the collapsing ejecta curtain or plume before the deposition of the 
resurge flow, and within-crater material that essentially moved around the crater and that 
incorporated basement material and cataclasite gneiss blocks that slumped off the 
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transient crater walls into the within-crater deposit (Figure 6.7C and D, Figure 6.8A and 
B, Figure 6.9; Gohn et al., 2009; Horton et al., 2009a; Kenkmann et al., 2009). 
 
6.8.2 Amount of Melt in the Eyreville B Drill Core 
According to Grieve (1987), complex impact craters the approximate size of the 
Chesapeake Bay impact structure are generally characterised by pockets (a few metres 
thick) or coherent sheets (approximately several hundred metres thick) of impact melt. A 
total volume of impact melt approximately 230 km3 or a total melt thickness of 370 m at 
an approximate depth of ∼5.5 km was estimated for the Chesapeake Bay impact structure 
based on previous modelling and observation-derived scaling relationships by Grieve et 
al. (1977, 1991) and Melosh (1989). Seismic analysis and data across the Eyreville B drill 
core showed a layered, low-velocity reflector situated on top of the parautochthonous, 
fractured basement floor (Catchings et al., 2008). This reflector was inferred to have an 
approximate thickness over an area of ∼20 km radius of ∼0.5 km and to be up to ∼1 km 
thick at depths between 2.6 and 3.6 km (Catchings et al., 2008). Thus, if the reflector 
represents the melt sheet, it would clearly be within the estimates of the predicted amount 
of melt present within the crater (Wittmann et al., 2009a). However, seismic velocities of 
impact melt sheets generally show higher velocities, particularly compared to the crater 
basement which is characterised by fracturing and, thus, lower velocities than normal. 
The Chesapeake Bay reflector shows lower velocities (Mayr et al., 2008). 
 
Extrapolation of the amount of melt in the Eyreville B drill cores to a circular area of 
approximately 28 km in diameter, gives an average total melt volume of approximately 6 
to 10.5 km3 (Wittmann et al., 2009a). This estimate of the amount of melt within the 
transient crater is supported by analysis of the USGS Cape Charles drill core (Wittmann 
et al., 2009a). 
 
Impact melt sheets in general are overlain by fallback suevites and slumped material from 
the crater walls (Grieve et al., 1977), which, in turn, cover the parautochthonous 
basement. Analysis and assessment of the melt volume in the Eyreville core indicates that 
there is far less melt than was expected.  
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Figure 6.9: Lithostratigraphic column (Horton et al., 2008) and core summary description of the 
Eyreville B drill core.  
Depth Lithology 
- Suevite with shale, sandstone, siltstone, phyllite, felsic 
orthogneiss and granitoid clasts. Abundant elongated melt 
clasts and shocked material. SU is fallback debris from the 
collapsing ejecta plume.  
 
- Greyish-black melt matrix with abundant shale, phyllite 
and elongated melt clasts. Impact melt represents either 
detached remnants of melt lining or melt “fladen” from 
fallback debris.  
 
- Impact melt represents either detached remnants of melt 
lining or melt “fladen” from fallback debris.  
 
- Highly melt-rich, matrix-supported suevite with shale, 
phyllite, sandstone and felsic gneiss. Material represents a 
mixture of slumped ground-surge material and fallback 
debris from collapsing ejecta plume.  
 
- Yellow, monomict cataclasite composed of quartzo-
feldspathic gneiss. Cataclasite boulder that slumped in 
from the outer walls of the crater.  
 
- Highly melt-rich, matrix-supported suevite with shale, 
phyllite, sandstone, felsic gneiss and granitoid. Material 
represents a mixture of slumped ground-surge material and 
fallback debris from collapsing ejecta plume.  
 
- Clast-rich suevite with mica schist, phyllite, mafic and 
felsic gneiss, shale and granitoid. Sparse sub-rounded to 
angular melt clasts. The material represents ground-surge 
deposit.  
 
- Greenish grey to bluish-grey, well-preserved, fine-
grained cataclasite gneiss blocks (B5 – B2). Highly 
brecciated and altered with fractures filled with calcite and 
quartz. These blocks slumped in from outer transient crater 
walls and were incorporated into the ground-surge 
deposits.  
 
- Clast-supported, greenish-yellow to dark grey-green to 
medium-grey to dark grey polymict impact breccia 
subunits (P4 – P2). Largest abundance of mineral clasts. 
Composed of sub-rounded to angular phyllite, felsic 
gneiss, mica schist and granitoid clasts. Sparse melt clasts. 
These subunits represent the ground-surge at the base of 
the advancing ejecta curtain as well as the slumping and 
mixing of unshocked material from the outer crater walls.  
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Melt data obtained from the Eyreville B drill core show between only 10 and 17 m 
(Collins and Wünnemann, 2005 and Kenkmann et al., 2009) of melt. There are two 
possible explanations for the melt deficiency in the Eyreville core: (1) the melt estimates 
are too high. This may be because either more melt was expelled than originally 
estimated, owing to the oblique angle of the projectile or because the target was more 
volatile-rich or (2) the Eyreville B drill core has not penetrated the crater floor. This 
would mean that the mica schist and granite are instead large blocks that have slumped in 
from the outer walls and not the original basement floor and, thus, the bulk of the impact 
melt lining the crater floor may lie at deeper levels.  
 
6.9 Comparison between the Chesapeake Bay Impact Structure and Other Marine 
and Non-Marine Craters 
The Chesapeake Bay impact structure is one of the best preserved, well-documented 
impact structures on Earth as well as being the largest impact structure in the United 
States (Koeberl and Anderson, 1996). The CBIS was formed in a shallow, layered 
submarine target composed of a 300 m column of water, a water-saturated, 
unconsolidated sedimentary sequence and an underlying, consolidated crystalline 
basement (Poag et al., 2004; Kring, 2005), that comprises multiple lithologies. This type 
of submarine environment makes the CBIS comparable to other marine impact craters 
such as the Montagnais, Mjølnir and Lockne impact structures (Dypvik and Jansa, 2003). 
The Chesapeake Bay impact structure has a wide variety of structural and geological 
features, such as size, shape and lithology types that are similar to these other impact 
structures (Table 6.2); however many aspects differ, suggesting that the CBIS does not 
conform entirely to the general conceptual models that explain the formation of impact 
structures (Poag et al., 2004). In order to identify the primary differences as well as 
similarities in features, a comparison between the CBIS and other impact craters is 
needed (Table 6.2).  
 
The closest comparable crater to the Chesapeake Bay impact structure, in terms of target 
lithology and overall crater structure and morphology, appears to be the Ries impact 
crater (in Southern Germany). The Ries crater, however, is not similar in terms of size, 
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structural relief and the depth of the annular trough (Grieve et al., 1977). The Chesapeake 
Bay impact structure represents a 38 km wide crater in the crystalline basement rocks but 
further resurge activity and slumping of the unconsolidated sediments extended the outer 
crater rim to 85 km (Poag et al., 2004; Collins and Wünnemann, 2005; Horton et al., 
2005b). When comparing the CBIS with other impact structures, only the 38 km inner 
crater of crystalline basement rock is taken into account as the outer crater is made up of 
unconsolidated material, thus, not representing the true rock-hosted diameter of the 
impact structure. The Ries crater is a 24 km diameter, late Miocene (14.5 Ma), central-
peak crater (e.g., Pohl et al., 1977; Newsom et al., 1990; Masaitis et al., 1999; Whitehead 
et al., 2002; Table 6.2). Both of these craters formed in a mixed sedimentary-crystalline 
target; however, only the Chesapeake Bay impact structure produced a distinct central 
peak composed of raised sedimentary-crystalline basement rocks (Poag et al., 2004; 
Wünnemann et al., 2009). The Ries crater is composed of an underlying crystalline 
basement that is covered unconformably by 600 to 700 m of sediment breccia and 
suevites and 300 m of overlying post-impact lake sediments (Grieve et al., 1977; Pohl et 
al., 1977; Poag et al., 2004). The Ries crater has impactite sequence which is composed 
of fallback and ground surge suevite, monomict breccias and megablocks (Poag et al., 
2004). 
 
The monomict breccia and the megablocks in the Ries crater are found in the uplifted 
rim. They display shock pressures of < 10 GPa (von Engelhardt, 1990; Kring, 2005) 
which is comparable to the observations of the cataclasite gneiss and granite and 
amphibolite megablocks (Gibson et al., 2009; Townsend et al., 2009) from the central 
moat of the CBIS. The suevites of the Ries are >200 m thick and show a large amount of 
variation with regards to the depositional history. The lower suevite unit was formed by 
ground surge with the crystalline basement blocks (Kring, 2005), which is similar to that 
of the lower suevite (S1) subunit. The middle and upper suevite units were formed by 
fallback debris and slumping of material from the crater walls, respectively (Stöffler et 
al., 1977; von Engelhardt and Graup, 1984; Kring, 2005), which is similar to the middle 
and upper suevite subunits of the CBIS, which were formed as fallback deposits and 
slumped debris. Detailed chemical analysis of the melt clasts from the Ries crater and 
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those from the Chesapeake Bay impact structure show similar chemical compositions 
(Osinski et al., 2004) in terms of their major and trace element data as well as that the 
melts clasts, from both impact structures, originate from the initial target rock lithology. 
 
Table 6.2: Other impact craters similar in size and other characteristics (such as setting, lithologies, 
and shock metamorphic features) to the Chesapeake Bay impact structure. 
Crater Name Location Diameter (km) Age (Ma) 
Araguainha Brazil  40 244.40 ± 3.25 
Clearwater East Quebec, Canada  26 290 ± 20 
Clearwater West Quebec, Canada  36 290 ± 20 
Manson Iowa, U.S.A 35 73.8 ± 0.3 
Mjølnir Norway  40 142.0 ± 2.6 
Montagnais Nova Scotia, Canada 45 50.50 ± 0.76 
Ries Germany 24 14.5 
Saint Martin  Manitoba, Canada 40 220 ± 32 
Shoemaker Western Australia  30 1630 ± 5 
Woodleigh Western Australia  40 364 ± 8 
 
The Montagnais impact structure is a 45 km diameter (Table 6.2) marine crater which 
formed on the continental shelf off the coast of Nova Scotia (Grieve, 2006); similar to the 
marine setting and size of the Chesapeake Bay impact structure. Montagnais, however, is 
one of only three impact structures located entirely in the present day ocean (Grieve, 
2006) and is slightly older (50.5 Ma; Aubry et al., 1990) than the CBIS. The target rocks 
of the Montagnais structure differ slightly from the crystalline target rocks of the 
Chesapeake Bay impact structure in that they consist of a low-grade metamorphic 
basement of submetagreywackes, phyllites and quartzites which is overlain by Middle 
Jurassic, Cretaceous and Eocene sediments (Grieve, 2006). The drill core from the 
Montagnais impact structure revealed post-impact Cenozoic sediments, a variety of 
polymict breccias, and a 522 m thick impact melt rock section (Jansa and Pe-Piper, 
1987). The breccia consists of metamorphic basement rocks, mudstone, siltstone, 
limestone and granite (Jansa and Pe-Piper, 1987). The polymict breccia and impact melt 
rock sections of the Montagnais impact structure was drilled between the depths of 653 
and 1205 m, whereas the impactite sequence of the CBIS was drilled between 1397.16 
and 1551.19 m and is 154 m thick. Two coherent impact melt rock layers occur in the 
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monomict breccia with a lateral extent of between 2.5 and 3.5 km (Jansa et al., 1989) and 
between 34 and 72 m thick. Thus, the Montagnais impact structure has between 2 to 4 
times more impact melt than the CBIS. Shock metamorphic effects such as planar 
deformation features (PDFs) as well as melt clasts were noted in the Montagnais samples 
(Jansa et al., 1989).  
 
The Saint Martin impact structure is a 40 km diameter (Table 6.2), marine structure 
located between Lakes Manitoba and Winnipeg (Grieve, 2006). Although similar in size 
to the CBIS, Saint Martin is older (220 Ma; Grieve, 2006). The impact structure is 
partially filled by Jurassic red beds and evaporite, which is overlain by glacial drift. Thus, 
the structure has no surface expression (Grieve, 2006). The target rocks consist of 
Ordovician to Devonian sandstones, shales and carbonates, overlying Archean granite 
(McCabe and Bannatyne, 1970). The impact lithologies comprise carbonate breccia, 
granitic breccia; suevitic breccia and impact melt rocks (which have been highly altered; 
McCabe and Bannatyne, 1970), with coherent impact melt rocks reaching a thickness of 
65 m. The impact lithologies are approximately 320 m thick, which is double the 
thickness of the impactite sequence of the Eyreville B drill core. Shock metamorphic 
features such as PDFs in quartz and feldspar are evident (Grieve, 2006) which is similar 
to the observations from the Eyreville B drill core.  
 
In an overall comparison with the Chesapeake Bay impact structure and the other craters 
(Montagnais and Saint Martin) of similar size, it is obvious that coherent impact melt is 
indeed present within structures of this size unless erosion has taken place well below the 
original crater floor, thus indicating that the CBIS should have an impact melt sheet 
present and that the cores have possibly not been drilled deep enough to reach impact 
melt.  
 
6.10 Conclusion 
The ICDP-USGS drilling of the Chesapeake Bay impact structure, in particular the 
impactite sequence of the Eyreville B drill core has provided new insights into the 
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formation of the Chesapeake Bay impact structure and the impactite sequence as well as 
marine cratering processes and emplacement mechanisms, in general. 
 
The main conclusions of this study are:  
1. Based on clast analysis, the impactites were derived from metasediments (phyllite, 
shale, mica schist, felsic and mafic gneiss) as well as granitoid and pegmatoid, indicating 
a predominantly crystalline target. The upper, melt-rich impactites comprise suevites, 
impact melt rocks and a cataclasite gneiss boulder whereas the lower, melt-poor 
impactites are composed of intercalated polymict lithic impact breccia and cataclasite 
gneiss blocks and boulders. Melt clasts decrease in abundance with depth. The impactites 
overlie the basement-derived rocks of granite, granite gneiss and mica schist. These 
basement-derived rocks, however, might not be autochthonous crater basement.  
2. Geochemical analysis of mineral, lithic and melt clasts allows for the determination of 
the melt precursors and for the understanding of the formation of the impactite sequence, 
through shape, size and textures in the clasts. The mineral and lithic clasts from the upper 
impactites are shown to be derived from the phyllite, granite gneiss, calc-silicate, granite 
and pegmatite from the target rocks whereas the lower impactites appear more closely 
related to the amphibolite, mica schist and phyllite from the basement-derived rocks.  
3. Clasts were analysed for shock metamorphic features in order to ascertain the degree 
of shock metamorphism throughout the impactite sequence. Approximately 24 rel% of 
the matrix quartz grains of the impactite sequence were shocked (showing PFs and 
PDFs), with the upper impactite unit showing a greater abundance than the lower 
impactites. Maximum shock pressure in the upper impactites (between 45 and 70 GPa) is 
indicated by melt clasts, whereas the lower impactites show shock pressures of less than 
45 GPa. Observations indicate that the highest degree of shock (more PDF sets in quartz 
grains where the melt clasts are) generally relates to the highest proportion of melt clasts 
and, thus, the upper suevite subunits display a highest percentage of moderately to 
strongly shocked material. Overall, the lithic clasts are shocked to a higher degree than 
the mineral clasts. 
4. Evidence of pre- and post-impact hydrothermal alteration is apparent throughout the 
Eyreville B drill core and particularly in the impactite sequence. The pre-impact 
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hydrothermal alteration includes veins and pods of quartz, calcite and carbonate, 
sericitization of feldspars and chloritization of biotite and amphibole. The post-impact 
hydrothermal alteration effects include veins and patches of quartz, calcite and carbonate, 
secondary phyllosilicate minerals (smectite), chlorite, secondary pyrite and other 
sulphides which collectively formed from a small, low temperature impact-induced 
hydrothermal system. Post-impact temperatures range from 220 °C in the calcite veining 
from the basement to 300 °C from the sediment breccia (Horton et al., 2006a).  
5. The geological and depositional history of the target rocks of the Chesapeake Bay 
impact structure has been comprehensively discussed and studied in detail by Horton et 
al. (1989, 1991); Rankin (1994); Hatcher et al. (2007); Gibson et al. (2009) and 
Townsend et al. (2009). The initial target was composed of a variety of plutonic, 
sedimentary and greenschist and amphibolite facies metamorphic rocks (Horton et al., 
1991; Poag et al., 2004; Gibson et al., 2009; Townsend et al., 2009). 
6. No melt sheet was intersected, but there is speculation that the core did not reach the 
crater basement.  
7. The bulk of the material from the impactite sequence is considered to have remained in 
the crater, but may have experienced centrifugal and centripetal movement in base 
surges, while incorporating basement material and cataclasite gneiss blocks which 
slumped off the transient crater walls into a ground surge deposit essentially forming the 
lower impactites. Simultaneously, fallback material from the collapsing ejecta plume was 
incorporated into the upper fallback deposit material forming the upper impactite unit.  
 
6.11 Recommendations 
Detailed petrographic (through hand sample, thin section and SEM analysis) and 
geochemical (through EMPA, XRF and ICP-MS analysis) observations of the Eyreville B 
drill core, in particular the impactite sequence, have increased our understanding of 
marine impact events and the complex processes (growth and collapse the of transient 
cavity, vapour-plume interactions, ejecta and resurge flow, ocean-resurge erosion and 
sedimentation as well as hydrological and biological consequences) and emplacement 
mechanisms that are involved in the formation of impact craters. This essentially 
provides material for further extensive research and comprehensive modelling (Horton et 
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al., 2009a). This and other studies have revealed that much is still unknown with regards 
to specifics (i.e., whether the upper impactites and lower impactites are really formed by 
different deposition processes or did the impactites form from within-crater movement) 
about the formation and processes of the Chesapeake Bay impact structure and in 
particular the impactite sequence. A number of issues need to be addressed in further 
studies of the Chesapeake Bay impact structure and the impactite sequence of the 
Eyreville B drill core. Firstly the lack of shock in the basement-derived rocks may 
indicate that these blocks are not part of the autochthonous shocked crater floor but could 
be slumped blocks from the transient crater wall, similar to the granite slab in the 
overlying Exmore breccia and, thus the Eyreville B drill core might not have intersected 
the original, shocked crater floor. Further studies should involve deeper drill cores of 
greater than 2 km as this will possibly resolve unanswered questions about the basement 
rocks as well as determine if there is coherent impact melt sheet present. The clasts have 
revealed a more complex target not previously recognised, including amphibolite facies 
metamorphic rocks. The absence of medium-grade metamorphic clasts in the core from 
the western part of the crater might reflect a heterogeneous target lithology distribution 
(i.e., phyllite or granite gneiss basement of the western side, see Figure 6.2 A) whereas 
the mica schists, granite, calc-silicate and amphibolite are mostly to the northern and/or 
western side. Additional studies should be undertaken on the impactite sequence in order 
to further constrain the formation and precursors of the impactites, which will aid with 
regional reconstruction of the pre-impact geological evolution. Further sampling needs to 
be done in order to verify the absence or presence of a meteoritic component in the 
breccia and melt (Horton et al., 2009a). In order to further understand the processes 
involved in the formation of marine impact craters, continued studies on the Chesapeake 
Bay impact structure as well as other craters need to be undertaken, most importantly, a 
detailed synthesis of knowledge about CBIS, Bosumtwi and Ries impact breccias is 
required.  
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